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Science 


SCIENCE EXPRESS 


www.sciencexpress.org 


PHYSICS 
Coherent Dynamics of Coupled Electron and Nuclear Spin Qubits 
in Diamond 
L. Childress et al. 
Electron spins in a nitrogen vacancy in diamond are coupled to the nuclear spins 
of surrounding carbon atoms, allowing both to be manipulated for information 
processing. 
10.1126/science.1131871 


ASTROPHYSICS 

Tests of General Relativity from Timing the Double Pulsar 

M. Kramer et al. 

Precise timing measurements of a double radio pulsar for nearly 3 years 
provide four tests of general relativity under strong gravitational fields 
and show that it holds to 0.05 percent. 


>>News story p_1556] 
10.1126/science.1132305 


CONTENTS 


GENETICS 

Herpes Simplex Virus Encephalitis in Human UNC-93B Deficiency 

A. Casrouge et al. 

Although multiple genes are generally thought to control an individual's resistance 

to infection, only one gene determines susceptibility to a herpesvirus. 
10.1126/science.1128346 


ATMOSPHERIC SCIENCE 

A Combined Mitigation/Geoengineering Approach to 

Climate Stabilization 

T. M. L. Wigley 

Global warming might be reduced by injecting sulfate aerosol precursors into 
the atmosphere, thus increasing cloudiness and allowing more time to reduce 


CO, emissions. 
10.1126/science.1131728 


TECHNICAL COMMENT ABSTRACTS 


VIROLOGY 


omment on Large-Scale Sequence Analysis of 


E. C. Holmes, D. J. Lipman, D. Zamarin, J. W. Yewdell 


full text at www.sciencemag.org/cgi/content/full/313/5793/1573b 
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Analysis of Avian Influenza Isolates” 
J. C. Obenauer, Y. Fan, C. W. Naeve 


full text at www.sciencemag.org/cgi/content/full/313/5 793/15 73c 
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M. A. McNiven and H. M. Thompson 
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APPLIED PHYSICS 

ear-Field Microscop 
T. Taubner et al. 
Combining near-field optical microscopy with superlensing allows 
imaging of the internal structure of manmade or biological objects 
at a subwavelength scale. 


RESEARCH ARTICLES 


GENOMICS 

Populus trichocarpa (Torr. & Gray) 

G. A. Tuskan et al. 

The poplar genome was duplicated 60 to 65 million years ago, 
marking the emergence of this tree family, but overall has evolved 
more slowly than that of Arabidopsis. 


>>News story[p. 1554] 
CELL BIOLOGY 


Opposing Activities Protect Against Age-Onset 


E. Cohen, J. Bieschke, R. M. Perciavalle, J. W. Kelly, A. Dillin 


The insulin/insulin-like receptor pathway can detoxify protein 
aggregates in worms engineered to express excess protein in their 
muscles, perhaps partly explaining its role in aging. 
ARCHAEOLOGY 

M. del C. Rodriguez Martinez et al. 

Astone block containing unknown symbols and dating to the first 
millennium B.C.E. has been discovered in Veracruz, Mexico, a center 
of the Olmec civilization. 
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APPLIED PHYSICS 

1614 
Raman Spectroscopy, 

D. A. Tenne et al. 

Ultraviolet Raman spectroscopy reveals the temperature at which 
thin films become ferroelectric and can guide the addition of layers 
to tune this transition. 


CHEMISTRY 


Near-Threshold Inelastic Collisions Using Moleculay 1617 


Beams with a Tunable Velocity 
J. J. Gilijamse et al. 


Slowing down OH radicals to specific, precise velocities allows 
detailed study of the quantum mechanical effects on their 
low-energy collisions with noble gas atoms. 


PLANETARY SCIENCE 

1620 
CA. Griffith et al. 

Cassini has detected a polar cloud on Titan that may trap ethane 
produced in its atmosphere, explaining the lack of liquid ethane 

on the surface. 


>> Perspective p. 1584] 
CLIMATE CHANGE 


Early Reactivation of European Rivers During 1623 


e Last Deglaciation| 
G. Ménot et al. 


The flow of the huge river system that drained Europe through 
what is now the English Channel increased abruptly and dramatically 
during the last deglaciation. 


NEUROSCIENCE 


High Gamma Power Is Phase-Locked to 1626 


eta Oscillations in Human Neocortex 
R. T. Canolty et al. 


A characteristic, low-frequency brain wave modulates 
ultrahigh-frequency oscillations, thereby allowing communication 
among areas of the cortex that support behavior. 


CELL BIOLOGY 

1628 
M. A. Ferndndez et al. 

Mice lacking a protein that helps cells internalize other proteins 

and signaling molecules seem to be normal, but their livers cannot 
regenerate after being damaged. 
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MICROBIOLOGY 


-Terminal Signal Sequence Promotes Virulence 1632 


actor Secretion in Mycobacterium tuberculosi 
P.A. DiGiuseppe Champion et al. 


The pathogen that causes tuberculosis tags proteins for processing by 
its unusual secretory system with an unstructured carboxyl terminal 
sequence. 


>> Perspective p. 1583] 

MICROBIOLOGY 

1636 
for Lantibiotic Peptides That Target Lipid II 

H. E. Hasper et al. 

A new class of antibiotics has an unusual target—a molecule needed 
for bacterial cell wall synthesis—and may be especially useful against 
resistant microbes. 


BIOCHEMISTRY 

e Dynamic Energy Landscape of Dihydrofolate 1638 
D. D. Boehr, D. McElheny, H. J. Dyson, P. E. Wright 
An enzyme progresses through its reaction cycle by fluctuating 
between the ground state and the higher-energy states of each 
kinetic intermediate. 
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CELL BIOLOGY 


maging Intracellular Fluorescent Proteins at 1642 


anometer Resolutio 
E. Betzig et al. 


Proteins of interest can be labeled with fluorescent tags and located 
by photoactivated localization microscopy (PALM) in thin sections and 
fixed cells at near-molecular resolution. 
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A Human Spin on Hurricanes 
Human-induced climate change linked to hurricane severity. 


Hey Honey, I’m No Bee 
Beetle larvae fool male bees by mimicking a female’s scent. 


A Plethora of Alien Seas 
New models predict that Earth-like worlds may not be 
needles in a haystack. 


Transglutaminases and GPCR signaling. 
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SCIENCE CAREERS G Protein—Coupled Receptor Signaling 

www.sciencecareers.org CAREER RESOURCES FOR SCIENTISTS S. E. lismaa, G. E. Begg, R. M. Graham 


Transglutaminases use multiple mechanisms to regulate 


US: Tooling Up—Conducting an Authentic Job Search G protein-coupled receptors, 


D. Jensen ; . 
Technical professionals don’t have to be insincere when hunting PROTOCOL: Simultaneous Optical Measurements of 
foniebs: Cytosolic Ca?* and cAMP in Single Cells 


M. C. Harbeck, O. Chepurny, V. O. Nikolaev, M. J. Lohse, 
G. G. Holz, M. W. Roe 

FRET biosensors can be combined with Fura-2 to investigate 
interactions between Ca?* and cAMP signaling. 


E-LETTER: Improved PRMT Substrate Detection 

R. B. Denman 

Read this modification to the STKE Protocol on methods for the 
analysis of protein arginine methylation. 


US: How to Get Hired in Academia 

A. Fazekas 

What are hiring committees at colleges and universities looking for 
in faculty-job applicants? 


UK: Careers in Forensics Research 

N. Anscombe 

Forensics caseworkers have a high profile these days, but some 
forensic scientists work behind the scenes. 
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Ethereal Ethane 


Scientists predicted that Titan’s surface should 
be awash with liquid ethane, but the low and 
mid-latitudes of this saturnian moon are merely 
moist, and dunes prevail rather than seas. 
Griffith et al. (p. 1620; see the Perspective by 
Flasar) argue that a large cloud near the north 
pole of Titan spotted by Cassini's Visual Infrared 
Mapping Spectrometer may harbor the missing 
ethane. Similar to Earth, cold air downwells near 
the winter pole and causes the formation of 
stratospheric polar clouds. Solid ethane snow 
may frost the surface at the pole if the condi- 
tions are cold enough. 


Themes and Variations in 
Secretion and Endocytosis 


Cells need to secrete a variety of proteins from 
the cell surface and also need to internalize 
some of these surface proteins, as well as other 
external proteins. McNiven and Thompson 
(p. 1591) review the mechanisms involved in the 
formation of coated exocytic transport vesicles as 
they are exported from the Golgi complex en 
route to the plasma membrane and compare and 
contrast them with the formation of coated 
endocytic vesicles. 


European Meltwaters 

At the height of the last glaciation, a combina- 
tion of low sea level and the position of the 
Fennoscandian and British ice sheets caused 
much of the runoff from continental Europe to 
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flow through an enormous river that flowed 
into the Atlantic Ocean through what now is the 
English Channel, called the Channel River. 
Ménot et al. (p. 1623) present a record of 
Channel River activity between about 30,000 
and 5,000 years before the present. Its flow 
began to swell around 22,000 years ago, 
reached a peak between 19,000 and 17,000 
years ago, and ended abruptly then at the start 
of Heinrich Event 1. This record should help 
allow models to determine what effect the 
melting of European glaciers at the end of the 
Last Glacial Maximum had on ocean cir- 
culation, as has been done for the melt- 
ing of the Laurentide Ice Sheet on the 
other side of the Atlantic Ocean. 


Seeking the Genome 
for the Trees 


Although the genomes of some model 
plants such as Arabidopsis and rice have 
been sequenced, they are different in 
many key ways from their long-lived, woody rela- 
tives, the trees. Tuskan et al. (p. 1596; see the 
cover and the news story by Stokstad) present 
the genome sequence of the black cottonwood, 
Populus trichocarpa, which has undergone two 
whole genome duplication events, one of which 
occurred at the same time as in Arabidopsis. The 
Populus genome has evolved more slowly than 
Arabidopsis, with reduced rates of nucleotide 
substitution, tandem gene duplication, and 
gross structural rearrangements of chromo- 
somes. Comparisons of the gene families 
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<< Old Olmec Writing 


The Olmec civilization of Central America [~1200 to 400 years before 
the common era (BCE)] may have been the precursor to later complex 
societies such as the Maya (100 to 600 CE) and Aztec (1200 to 1500 
CE), yet unambiguous evidence of earliest Olmec writing is lacking. 
Rodriguez Martinez et al. (p. 1610; see the news story by Lawler) 
report the discovery of a stone block from Veracruz, Mexico, inscribed 
with an unknown system of writing. Taken from a gravel quarry, the 
block has been dated to the first millennium CE, which is earlier than 
previous finds. The glyphs, still undeciphered, bear similarity to other 
Olmec imagery, and the pattern is consistent with a system of writing. 


between Populus and Arabidopsis reveal a com- 
plex pattern, with Populus expansions in disease 
resistance, meristem development, metabolite 

transport, and cellulose and lignin biosynthesis. 


Reducing Crashes to Taps 
During the past 30 years, molecular beam tech- 
niques have uncovered numerous details of 
molecular collisions and reactions. A major limita- 
tion, however, has been the inherent velocity 
spread in these beams, which hinders the study of 
collisions at very low 
energy. This regime 
is of interest because 
of the complexes 
that can form when 
weakly attractive 
forces are not over- 
whelmed by transla- 
tional momentum. 
Gilijamse et al. 
(p. 1617) use inho- 
mogeneous electric 
fields to slow down a beam of OH radicals through 
Stark deceleration, while maintaining a very nar- 
row velocity spread. The rotational-state depend- 
ence of OH scattering events with a beam of xenon 
atoms was determined for a collision-energy range 
extending below 1 kilocalorie per mole. 


Of Aging and Aggregation 

Protein aggregation that is associated with late 

age-onset diseases such as Alzheimer’s and 
Continued on page 1539 
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This Week in Science 


Continued from page 1537 


Parkinson's has toxic effects. Cohen et al. (p. 1604) show, in a worm model of amyloidosis, that the 
aging process is linked to toxic protein aggregation. Molecules associated with the insulin signaling 
pathway—a cascade that is linked to aging—also influence aggregation and toxicity. The transcription 
factor DAF-16 and heat shock protein HSF-1 function to promote aggregation or disaggregation, 
respectively, of B-amyloid peptides. The authors propose a cellular mechanism hinging on these two 
factors whereby toxic aggregates are identified and prepared for disaggregation and degradation. 


The Rhythm in the Brain 


Spontaneous cortical oscillations facilitate synaptic plasticity; correlate with attention and percep- 
tual binding; and may play a role in transient, long-range coordination of distinct brain regions. 
Exactly how these transient oscillations influence each other and coordinate processing at both the 
single neuron and population levels is still not understood. Canolty et al. (p. 1626) show that the 
amplitude and phase of cortical theta rhythms modulate the power of high gamma band neuronal 
oscillations in the human electrocorticogram. High gamma activity directly reflects the activation of 
a local cortical area and is correlated with the functional magnetic resonance imaging blood oxygen 
level dependent-signal. The much slower theta rhythm is more distributed across the cortex and is 
associated with novelty, attention, working memory, and exploratory behavior. Importantly, the 
strength of this theta-gamma coupling is correlated with variations in a battery of cognitive tasks. 


Two Ways to Kill 
a Bacterium 


In bacterial peptidoglycan synthesis, lipid Il is required 
for the transport of cell-wall subunits across the bacterial 
cytoplasmic membrane. Lipid II is a target for antibiotics 
like vancomycin and lantibiotics, such as nisin and 
mutacin, which are small peptides bearing lanthionine 
rings. These drugs act by contrasting mechanisms. Van- 
comycin binds to the pentapeptide of lipid II, whereas 
lantibiotics bind to the pyrophosphate of lipid II via the 
lanthionine rings. Hasper et al. (p. 1636) have discov- 
ered that although some lantibiotics aggregate to form 
pores in membranes, others kill bacterial cells without forming pores. Instead, immobilization of 
lipid II prevents it from reaching sites where peptidoglycan synthesis occurs, such as at the septum 
of dividing cells, and blocking cell-wall synthesis. 


Caveolin and Liver Regeneration 


Caveolin is a key component of caveolae, cell surface invaginations involved in the internalization of a 
variety of signaling molecules and the uptake of certain viruses. Surprisingly enough, when caveolin 
knockout mice were generated a few years ago, they appeared to be healthy. Fernandez et al. (p. 1628; 
see the Perspective by Brasaemle) have now examined these mice in more detail and discovered a phe- 
notype in these animals—a profound defect in liver regeneration leading to reduced survival after par- 
tial hepatectomy. Problems uncovered included changes in lipid metabolism and cell cycle progression. 
Treating mutant mice with glucose could circumvent the defect and improve survival after liver damage. 


Perfecting Pathogenic Potential 


The human pathogen Mycobacterium tuberculosis does not have recognizable homologs of secretion 
machines that are essential for the virulence of many bacterial pathogens. Instead, the ESX-1 system 
is required for growth of M. tuberculosis in macrophages and for controlling host cell response to 
infection. This system secretes a pair of virulence factors, ESAT-6 and CFP-10, that are essential for 
M. tuberculosis virulence. DiGiuseppe Champion et al. (p. 1632; see the Perspective by Ize and 
Palmer) identified a C-terminal signal sequence required for directing the ESAT-6/CFP-10 virulence 
factor complex for secretion from M. tuberculosis. Mutations in this signal sequence that prevented 
interaction with the secretion machine also prevented secretion. The CFP-10 signal sequence also 
drove secretion of an unrelated protein. 
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Animal Activism: Out of Control 


THE SCIENTIFIC COMMUNITY HAS RESPONDED TO SEVERAL IMPORTANT SCIENCE POLICY 
issues this year and is getting a little public traction on some, including stem cell research 
policies and global climate change. We have mostly ignored another, however, and it’s a big 
one. Scientific progress depends on experiment, and in the life sciences that usually entails 
the use of live animals. But in many countries, animal rights organizations have successfully 
used extreme tactics to intimidate scientists and their institutions. 

Scientists in the United Kingdom have been engaged in this struggle longer than those in the 
United States, and they appear to have been vigilant enough to secure at least some moderation of 
the problem. In the United States, however, if you conduct experiments on primate nervous 
systems, you might have the following experience. Photographs, allegedly of your subjects 
wearing expressions of extreme pain, are circulated to media outlets. Crowds with bullhorns picket 
your residence, and leaflets declaring that you commit “atrocities” are 
distributed to your neighbors. Your colleague who works on monkey 
behavior is the target of a firebomb. It is mistakenly placed on a neighbor’s 
porch; the good news is that the fuse timer failed, but the Federal Bureau 
of Investigation (FBI) says the blast might well have killed those inside. 

Am I making this up? Well, it happened to Dr. Dario Ringach, a 
member of the neurobiology faculty at the University of California, Los 
Angeles (UCLA). The work he did on higher-order information pro- 
cessing in visual systems had been published in good journals, including 
this one. The dénouement of the assault he weathered for 4 years is 
described in a triumphal press release from the Animal Liberation Front 
(ALF): “You Win” it said, quoting Ringach. The subhead read, “UCLA 
Vivisector Dario Ringach Quits Animal Experimentation.” The release 
boasts about the reason for this outcome: He “asked that his family be left 
alone,” it says. Well, in the absence of timely help from his institution, he made the best decision 
he could, as you or I probably would have. Meanwhile, the ALF has taken credit for both this 
victory and the firebombing. 

During the long spell of Ringach’s harassment and the run-up to the firebombing, UCLA was 
mostly silent, just when the faculty might have expected some high-level encouragement and 
protection. The UCLA News Office had labeled the firebombing as terrorism and said: “UCLA 
condemns that.” Fine as far as it went, but a firm statement from the top was needed, and one was 
finally forthcoming on 27 August, weeks after these troubling incidents. It came from Acting 
Chancellor Norman Abrams, who condemns the harassers as terrorists (thereby choosing exactly 
the right word), promises more security to protect the faculty members who do animal research, 
and doubles the $30,000 FBI reward for apprehension of the firebomber. That will help, but more 
remains to be done. It turns out that the folks who are promoting the harassment of faculty have had 
inside help and participation from students. Yet appeals by researchers for disciplinary action have 
gone unanswered, even though harassment is a listed violation under the UCLA Student Code. 

Meanwhile, there’s more on tap. The ALF has announced its own reward: $10,000 for any- 
one who supplies information that “leads to the end of an animal experiment or the arrest and 
final conviction of any vivisector at UCLA.” It’s good that the university is now moving on the 
problem. But the terrorists, equipped with a kind of moral certainty that cannot distinguish 
righteous from right, are likely to continue this campaign unless the law of the land makes it 
clearly illegal and punishable. Fortunately, there is an opportunity for effective congressional 
action in this area. H.R. 4239 (the Senate companion is S. 1926) has already been heard by the 
House Judiciary Committee. Entitled the Animal Enterprise Terrorism Act, it would prohibit 
threats against researchers and their families and establish penalties for economic damage 
or for placing a researcher in reasonable fear of death or bodily injury. It also specifically 
prohibits “tertiary” targeting: actions against those who have a relationship or transactions 
with animal enterprises, including researchers. The House Judiciary Committee should get 
this bill out for a vote as soon as possible, before somebody gets killed. 


Don Kennedy is 
Editor-in-Chief of Science. 


— Donald Kennedy 


10.1126/science. 1134384 
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ECOLOGY 
Single Symbionts for Corals 


Tropical coral reefs are stressed by sea-level rise and higher 
water temperatures brought on by climate change. Stress 
prompts corals to shed their photosynthetic symbionts, or 
zooxanthellae, and large areas of reefs can “bleach,” some- 
times killing the coral. Controversy has centered on 
whether bleaching is adaptive to enable bleached corals to 
acquire different symbionts that could endow their hosts 
with different physiologies to cope with different condi- 
tions, in particular greater temperature tolerance. Sym- 
biont shuffling could happen only if the host coral can nat- 
urally tolerate a variety of symbionts. Goulet has under- 
taken a meta-analysis and review of 43 papers containing 
genotype data for 442 coral-zooxanthellae associations. 


It seems that most mature hard coral individuals harbor only one strain of symbiont and will retain the same 
genotype for decades, even after transplantation from one site to another. It remains unclear how the remain- 
ing 23% of corals that can host several symbionts respond to bleaching conditions. — CA 


CHEMISTRY 


Flowing Precious Metals 


With the exception of mercury, metals tend to 
require substantial heating before flowing as 
liquids; even alloys expressly designed for use as 
soldering fluxes generally melt well above room 
temperature. Warren et al. show that a particular 
ligand and counter-ion combination confers flow- 
ing properties to a range of precious metal 
nanoparticles ~2 nm in diameter. Crystalline par- 
ticles of platinum and gold, and predominantly 
amorphous palladium and rhodium particles, were 
prepared with N, V-dioctyl-N-(3-mercaptopropyl)- 
N-methyl ammonium capping ligands (bound to 
the metal through sulfur) by reduction of metal 
salts in tetrahydrofuran solution. Exchange of bro- 
mide counter-ions with sulfonates bearing long 
hydrophobic tails yielded a substance that, after 
thorough drying under vacuum, exhibited highly 
viscous liquid-like flow at room temperature; a 50- 
mg droplet moved at a rate of just over 2 cm/hour 
down an inclined glass plane. The authors envi- 
sion that these flowing nanoparticles may offer 
convenient routes to self-assembled materials, as 
well as applications in heat-transfer media. — MSL 
J. Am. Chem. Soc. 128, 10.1021/ja064469r (2006). 


GEOLOGY 


Tales of Wander 


True polar wander describes relative motion 
between Earth’s spin vector and the solid Earth. 
One class of this phenomenon, inertial inter- 


change true polar wander, occurs when normal 
advection of mantle density heterogeneities 
produces changes in the relative magnitudes of 
the principal inertia axes, causing Earth to 
rotate quickly by as much as 90°, until the new 
major rotational axis is aligned with the spin 
vector. In addition to the paleomagnetic varia- 
tions that would accompany such a rapid 
change of Earth's orientation, another observ- 
able consequence could be transient sea-level 
variations resulting from the differential 
response of the slowly re-equilibrating 
mantle/lithosphere and 
the rapidly re-equili- 
brating world ocean. A 
third potential but indi- 
rect effect, arising from 
sea-level change, is 
perturbation of the car- 
bon cycle, as marine 
biological productivity 
is affected by water 
depth variations. 

In an investigation 
of possible true polar 
wander, Maloof et al. 
present paleomagnetic 
data from three Middle Neoproterozoic carbon- 
ate units in Svalbard, Norway, which show large 
shifts in paleomagnetic orientation coincident 
with abrupt changes in 543C and relative sea 
level. They conclude that the best explanation 
for the data is that this area experienced rapid 
shifts of paleogeography during a pair of true 


Svalbard stone. 


Mar. Ecol. Prog. Ser. 321, 1 (2006). 


polar wander events. Their hypothesis can be 
further tested by analyzing sediments of the 
same age from other basins for predictable 
related changes. — HJS 

Geol. Soc. Am. Bull. 118, 1099 (2006). 


MOLECULAR BIOLOGY 
Circle of One 


All living things must maintain and repair their 
genomes, and nonhomologous end joining 
(NHE}) is one of the most important pathways 
for patching up potentially disas- 
trous double-strand (ds) breaks in 
DNA; so-called Ku proteins play a 
central role in the process. But 
viruses, so it was thought, don’t 
seem to use NHE] in this way. 

Corndog and Omega are dsDNA 
viruses or, more precisely, bacterio- 
phages that infect bacteria, in this 
case, Mycobacterium species. Oddly 
enough, as Pitcher et al. now show, 
Corndog and Omega both contain 
Ku homologs in their genomes. The 

viral Ku proteins can work together 

with the bacterial ligase LigD to repair ds 
breaks in a yeast system. This suggests that 
NHE] is somehow involved in the viral life cycle, 
where previously there was no indication of 
such a requirement. 

Corndog and Omega enter bacterial cells as 
linear viruses that must circularize to allow 
rolling circle replication—an essential part of 
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the viral life cycle. Related viruses, such as 
Lambda, have long 9—nucleotide (nt) cohesive 
(cos) ends that provide a favorable equilibrium 
for self-association. Corndog and Omega have 
very short cos ends, of only 4 nt, which are too 
short to self-associate efficiently and promote 
genome circularization. Thus the viral Ku, work- 
ing together with the host LigD, may help to 
bring the cos ends together, paralleling their 
function in dsDNA break repair. — GR 

Mol. Cell 23, 743 (2006). 


ECOLOGY/EVOLUTION 
In Perfect Symmetry 


Bilaterally symmetric flowers have evolved 
from radially symmetric flowers in a range of 
plant families, and this transition is usually 
correlated with a switch from generalist to spe- 
cialist pollinators. Although the developmental 
changes involved in the transition are rela- 
tively well understood at the molecular genetic 
level, the selective forces behind it are less 
clear. Gomez et al. monitored the pollination 
rates of Erysimum mediohispanicum, a herba- 
ceous plant of the 
southern Spanish 
mountains, which 
shows intraspecific 
variation in flower 
shape and is polli- 
nated by beetles, 
bees, and hoverflies. 
The more bilaterally 
symmetric flowers 
were favored by the 
most abundant polli- 
nating insect, the 
generalist beetle 
Meligethes maurus, 
and these flowers 
also produced the 
highest number of 
offspring. The signif- 
icant fitness differ- 
ences between flow- 
ers of differing shape suggest the adaptive 
route by which bilateral symmetry can evolve, 
even if the pollinators are generalists like most 
beetles. — AMS 

Am. Nat. 168, 10.1086/507048 (2006). 


Erysimum mediohis- 
panicum variants. 


CLIMATE SCIENCE 
Shedding Light on the Sun 


Satellite measurements show that solar irradi- 
ance, essentially the amount of energy that 
reaches Earth, varies over the 11-year solar 
cycle by ~0.1%, too small a change to have a 
noticeable impact on Earth's average tempera- 
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ture. However, a long-standing question in cli- 
mate science is whether larger solar changes 
have occurred that might have caused warming 
over the past century or climate change at 
some stage of the Holocene (or an even longer 
span of time). 

Bard and Frank provide a thorough critical 
review of both the problematic evidence for 
longer changes in solar irradiance and the pos- 
sible climatic effects these changes could have 
induced. The authors point out that many pro- 
posed connections, for example between the 
records of cosmogenic nuclides such as 
MC and Be and records of climate change, 
are based on correlations—some of which 
have large and perhaps unappreciated 
uncertainties—and on imperfect and indirect 
records. They conclude that there might still 
be a connection between solar changes and 
the Medieval Warm Period and Little Ice Age, 
but that overall solar changes, most of which 
remain unproven, probably represent a sec- 
ond-order influence on the behavior of Earth’s 
recent climate. — BH 

Earth Planet. Sci. Lett. 248, 1 (2006). 


IMMUNOLOGY 
Vascular Origins 


During the development of an embryo, cells of 
the hematopoietic system and endothelium 
have a common origin. Bone marrow-derived 
cells may even contribute to vessel growth in 
some settings. It has not been clear, however, 
whether hematopoietic cells normally con- 
tribute to vascular development. 

Sebza et al. extend previous work in which 
the hematopoietic immune signaling proteins 
Syk and SLP-76 were found to regulate the 
developmental separation of lymphatic and 
blood vessel systems [Science 299, 247 
(2003)]. Directed transgenic reexpression of 
SLP-76 in a subset of hematopoietic cells was 
sufficient to correct the defect in lymphatic- 
vascular connection apparent in mice that 
lack Syk and SLP-76. By generating chimeric 
animals bearing both wild-type and Syk/SLP- 
76—deficient cells, it was also possible to 
establish this phenomenon as an endothelial 
cell-autonomous effect. Thus, the study 
demonstrates that under steady-state condi- 
tions, cells of hematopoietic origin can con- 
tribute directly to blood lymphatic-vascular 
separation as precursors of endothelial cells. It 
will now be interesting to pursue experiments 
that more precisely characterize the progenitor 
cells and their relationship with endothelium 
during the processes of blood and lymphatic 
vessel growth and repair. — S]S 

Dev. Cell 11, 349 (2006). 
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Last year, the Smithsonian Tropical Research Institute in Panama posted its 20-year 
archive of tree census data (NetWatch, 22 April 2005, p. 475). Now, the institute has 
launched a bioinformatics clearinghouse that provides access to more researchers’ data 
sets, photos, and other resources. If you're curious about plants such as Tabebuia, a 
genus of hardy tropical trees, the site’s herbarium offers a taxonomic database; an 
identification key and photo gallery are in the works. The physical monitoring page 
connects to meteorological and hydrological measurements for eight sites in the coun- 
try. Browse the species list for the Bocas del Toro station on the Caribbean coast to see 
photos of creatures such as the iridescent queen angelfish (Angel reina; above). >> 


AUDIO 


Sounds of Silence 


Lightning in Saturn’s atmosphere sounds like raindrops 
pattering on leaves, and the microwave radiation left 
over from the big bang is reminiscent of a vacuum 
cleaner running in the next room. These two sites let you 
listen to space, offering recordings of unearthly noises 
and various types of energy translated into frequencies 
we can hear. At Spacesounds,” a commercial site created by 
artists and scientists, you can tune in to the magnetosphere of 
Jupiter's moon Ganymede (right), the Vela pulsar, and other 
objects. Space-flight devotees can play hours of communications between 

ground control and the crews of the Apollo, Gemini, Mercury, and space-shuttle 
missions. The squeaks, chirps, roars, and other noises at Space Audiot from the 
University of lowa in lowa City sound like they came from a David Lynch movie. >> 


FUN 


Nobel Prize Handicapping 


The first of this year’s Nobel prizes won't be announced until 2 October, but the 
prognosticating has already begun. This site from the publisher Thomson Scientific 
predicts contenders for the science awards. The company’s experts factor in variables 
such as the number of highly cited papers and whether the candidate has already 
nabbed another significant prize. Of Thomson's 27 picks since 2002, four have 

won the Nobel. An online poll lets visitors vote for their favorites. In the chemistry 
category, for instance, three researchers who probed the roles of nucle! hormone 
receptors had the edge last week. >> www.scient homsot 
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A Marsh Reborn 


The Middle East's largest wetlands, the sprawling marshes 
near the junction of the Tigris and Euphrates rivers in Iraq 
were once home to about 500,000 people. But the ecosystem 
withered because of = 
upstream water diver- 
sions and Saddam 
Hussein, who ordered 
the wetlands drained 
to suppress dissent in 
southern Iraq 
(Science, 25 February 
2005, p. 1186). 
This site from the U.N. 
Environment Pro- 
gramme follows the 
progress of a project 
to restore the parched 
area begun after the 
U.S.—led invasion in 
2003. At the time, the 
wetlands’ original 
20,000 square kilome- 
ters had dwindled by 
more than 90%. But 
by this June, they had 
rebounded to about 
60% of their previ- 
ous size. The site 
offers satellite 
land cover maps and progress reports that track water 
extent and vegetation regrowth. In these satellite 
images from 2003 (top) and 2005, dark blue denotes 
newly inundated areas. >> imos.gric 


SOFTWARE 


Metabolic Networking 


Molecular biologists can turn their genomic or proteomic data 
into maps of metabolic pathways with this program from SRI 
International of Menlo Park, California. The nonprofit insti- 
tute’s BioCyc Web site (NetWatch, 30 January 2004, p. 601) 
houses metabolic diagrams for more than 200 species. 
Researchers can download a software bundle that creates simi- 
lar figures for their own organisms, using gene-expression 
results and other types of data. You can animate the diagrams 
to reflect changes over time. The program is free to academic 
researchers who request it. >> 


} , r ir " 


Send site suggestions to >> netwatch@aaas.org 
Archive: www.sciencemag.org/netwatch 
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RANDOTIVISAIVLE 
Leading Gas Spewers EDITED BY CONSTANCE HOLDEN 


In 2000, the last year for which comprehensive data are 
available, the United States emitted a fifth of the world’s 


greenhouse gases, or 6928 million tons equivalent CO,. MOVE OVER, Fl RE ANTS 


China’s output almost equals those of India, Canada, A mysterious species of ant has invaded Houston, Texas, and no one knows 
Russia, and South Korea combined. The World Resources where the creatures came from. The insects, of the genus Paratrechina, are 


known as “crazy ants” because of 
. their frenzied movements. They 

are so numerous and aggressive 
* that they're driving away the 
notorious imported red fire ant. 
The crazy ants are a major 
headache for homeowners, and 
researchers fear they could also 
harm wildlife and endanger elec- 
trical equipment. 

An exterminator first noticed 
the ants in 2002 and contacted 
Roger Gold, an urban entomolo- 
gist at Texas A&M University in 
College Station. He and graduate 
& student Jason Meyers are study- 
ing ways to control the ants but 
Ants getting ready to short out without much luck. “You can kill 
Houston. hundreds of thousands of ants, 

and the remaining ones walk 
; over the cadavers and continue on their way,” Gold says. 
/ The ants raised worries this summer when they crawled into circuit 


} They Said It ee boards and shorted out a radiation scanner at the Port of Houston. They 


are now about 20 kilometers from NASA's Johnson Space Center. Research 


“In retrospect the choice of entertainment was on control is hampered by the fact that the Houston species hasn't been 
. gol con identified yet. And it’s not clear whether the ants are agricultural pests, 
inappropriate for the occasion. 


so the U.S. Department of Agriculture isn’t taking action. 
—A statement from Australian National University in 


response to complaints about balloon- and lingerie-clad 
burlesque dancers who put on a show at the Australia New 
Zealand Climate Forum in Canberra, 5—7 September. 


Institute created this map to show how different U.S. 
regions compare with top world emitters, with total 
emissions shown in millions of tons equivalent CO.,. 


China 
4938 


us, 
a 


Brazil 

United sli 
Kingdom 

654 


- 


Russia 
1 1915 


TALLYING MIDEAST DAMAGE >> 


Now that the bullets and bombs have largely stopped flying, the job of assessing 
the damage in Lebanon and Israel has begun. By comparing before-and-after 
satellite views, scientists at the European Union Satellite Centre in Madrid, Spain, 
and the Joint Research Centre in Ispra, Italy, have produced a tally of Lebanon's 
destruction. More than 1500 buildings, 500 road sections, 500 cultivated fields, 
and 21 bridges were hit in southern Lebanon and Beirut. The scientists note that 
this is an underestimate because it only covers damage visible from space. 

The environment was also a casualty. A major oil spill (right) has coated at least 
150 kilometers of Lebanon's beaches as a result of an Israeli attack on a coastal 
power plant in July. According to the World Conservation Union, samples of the 
15,000 tons of oil that have washed ashore reveal a high concentration of cancer- 
causing aromatic hydrocarbons. Much oil has also sunk below the surface, posing 
further risks to the food chain and difficulties for the cleanup. 

The Israelis’ assessment, reported on 30 August by the Ministry of Environmental Protection, says that Hezbollah rockets damaged 
12,000 buildings or apartments, destroying 2000. Fires sparked by the rockets wiped out 1200 square kilometers of forest, including 70% of 
the Naftali mountain range, according to the ministry, which also cites damage to a wastewater treatment plant and the release of hazardous 
substances from storage facilities. 


CREDITS (TOP TO BOTTOM): SOURCE: WORLD RESOURCES INSTITUTE; JASON MEYERS/TEXAS A&M UNIVERSITY; J. BOHANNON/SCIENCE 
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NONPROLIFERATION 


The first tree 
genome 


Endgame for the U.S.—Russian 
Nuclear Cities Program 


The United States and Russia seem ready to 
pull the plug on an 8-year-old effort to help 
steer Russian nuclear weapons scientists 
into civilian work. The joint Nuclear Cities 
Initiative (NCI) has been on life support for 
3 years. It’s likely to die next week, NCI pro- 
ponents say—undercutting efforts to help 
Russia shrink its massive nuclear complex 
and bottle up its expertise. 

Other U.S.-funded programs employing 
Russian weapons scientists will continue, but 
they “are grossly insufficient” to help Russia 
deal with the problems ahead, says Matthew 
Bunn, a nonproliferation expert at 
Harvard University’s Belfer 
Center for Science and 


International Affairs. Sarov J 
And while NCI (Arzamas-16) Z_S 
appears tobe outof “aw 
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pean NCI has 
never even left the 
depot. “The real 
issue is the slow 
abandonment of [wea- 
pons] scientist pro- 
grams by the U.S. 
and Europe,” says 
Kenneth Luongo, 
executive director of 
the Russian-American Nuclear Security 
Advisory Council, a think tank in Washing- 
ton, D.C., and Moscow. NCI “bought the 
United States a seat at the table for discus- 
sions of these cities’ futures,” adds Bunn. But 
getting dramatic results would require a 
“significantly bigger effort.” 

Russia’s design labs and factories for fab- 
ricating nuclear fuel and warheads are dis- 
persed in 10 closed cities that employ some 
75,000 people on weapons-related work (see 
map). After the collapse of the Soviet Union 
in 1991, several U.S. agencies began assisting 
Russia with money for specific projects, 
including safeguarding uranium and pluto- 
nium stockpiles from nuclear traffickers and 
providing grants to reduce the temptation for 
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scientists to work in countries such as Iran or 
North Korea. The U.S. Department of Energy 
(DOE) augmented these efforts with NCI 
after the ruble’s collapse in 1998, when scien- 
tists were in dire straits. It was the first 
U.S. program specifically aimed at helping 
Russia downsize its nuclear complex. 

NCI was controversial from the start, 
however. Critics in Congress and in the 
Bush Administration argued that it bank- 
rolled middling scientists, freeing Russia to 
focus resources on the best weapons design- 
ers. Proponents responded that because 
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Fissile material processing 


Scratching the surface. NCI created hundreds of jobs for scientists in three of 
Russia’s 10 nuclear cities, but thousands may soon be out of work. 


Russia’s reservoir of nuclear talent runs so 
deep, it’s worth engaging even second- and 
third-tier scientists. Russia has 2000 to 
3000 scientists with nuclear bomb-making 
skills and as many as 15,000 more who 
could aid a hostile weapons program, the 
nonprofit Nuclear Threat Initiative esti- 
mated in a report, Securing the Bomb 2005: 
The New Global Imperatives. 

By helping Russia “ease its nuclear cities 
on the path to sustainable civilian work,” says 
Bunn, NCI has “reduced the danger that 
experts from some of these cities would ... 
sell their weapons-related knowledge.” All 
told, DOE claims that NCI’s roughly 
$110 million war chest over 8 years created 
1600 civilian jobs in three cities—Sarov and 


Testing 
Einstein 


Snezhinsk, which specialize in nuclear 
weapons design, and Zheleznogorsk, a pluto- 
nium production town in southern Siberia— 
and drew in $63 million from outside sources. 

Even if NCI disappears, some of its proj- 
ects will continue under allied programs, 
such as DOE’s Initiatives for Proliferation 
Prevention and the multilateral International 
Science and Technology Center. Bryan 
Wilkes, a spokesperson for DOE’s National 
Nuclear Security Administration, which 
oversees NCI, said work with Russian scien- 
tists will continue; another NNSA official 
notes, however, that total assistance will 
decrease by about $10 million per year. But a 
number of projects have already ended. One 
casualty is a trove of data on everything in the 
nuclear cities from joint ventures to crime 
rates. The information, published in a quar- 
terly bulletin by Sarov’s Analytical Center for 
Nonproliferation, is “invaluable,” says 
Luongo. “In the Cold War, we would have 
paid billions for it”’ NCI ended support for 
the bulletin last February. 

Analysts blame both governments for 
NCI’s slow death. The Russia—U.S. NCI pact 
lapsed in 2003 after the two countries failed to 
agree on liability and tax issues. A provision 
gave NCI a 3-year grace period to wind down 
projects while negotiations on resurrecting it 
went on. “It was a good program. We wished 
it to continue, but the bureaucrats killed it,” 
says one scientist at Sarov who was not 
authorized to speak to the press and asked to 
remain anonymous. 

NCI’s threatened termination comes at a 
critical time for people who live and work in 
the once-top-secret nuclear enclaves. Earlier 
this year, Russia’s federal government ended 
subsidies to the closed cities, leaving gaping 
budgetary holes. According to Securing the 
Bomb, the mayor of Zheleznogorsk recently 
warned: “We have no idea at all how the 
budget will be filled. ... A starving operator 
of a nuclear power unit is more dangerous 
than any terrorist.” Layoffs of “many thou- 
sands of people” are expected in the coming 
decade with the closure of plutonium pro- 
duction and reprocessing facilities in 
Zheleznogorsk and Seversk, Bunn says. In 
its final months, NCI had stepped up activi- 
ties in those two cities to help cushion the 
blow for unemployed scientists. Now it too 
finds itself out of a job. 

—-RICHARD STONE AND ELI KINTISCH 
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Claim of Oldest New World Writing Excites pienacomdlet> 


A stone block uncovered in a Mexican 
quarry provides dramatic evidence that the 
ancient Olmec people developed a writing 
system as early as 900 B.C.E., according to 
seven Mesoamerican scholars writing in 
this week’s issue of Science (p. 1610). That 
makes the block’s 62-sign inscription by far 
the oldest writing discovered in the New 
World and hints at surprising complexity in 
a culture that may have laid the foundation 
for the Mayan and Aztec empires encoun- 
tered by the Spanish a millennium and a half 
later. “It’s a jaw-dropping find,” says Brown 
University anthropologist and co-author 
Stephen Houston. “It takes this civilization 
to a different level.” 

Other specialists agree. “This is an excit- 
ing discovery of great significance,” says 
anthropologist Mary Pohl of Florida State 
University in Tallahassee. Even skeptics say 
they are convinced that the signs represent 
true script. But controversy remains over the 
block’s dating and implications. And the 
inscription—which can’t yet be read and 
seems unrelated to later Mesoamerican 
scripts—is unlikely to resolve the heated 
debate over whether the Olmec were the 
dominant culture of their time or one of 
many societies that shaped Mesoamerica. 

The Olmec civilization appeared on 
the coast of the Gulf of Mexico around 
1200 B.C.E. and quickly flourished thanks 
to rich soils and high rainfall that allowed 
intensive maize production. The first center, 
San Lorenzo Tenochtitlan, was abandoned 
about 900 B.C.E. just as another one at 
nearby La Venta arose. By 400 B.C.E., the 
Olmec culture had largely vanished. During 
that half-millennium, Olmec fashions 
spread around Mesoamerica, although the 
extent of their influence remains con- 
tentious. Along with creating a sophisti- 
cated calendar, the Olmec carved glyphs as 
early as the San Lorenzo phase. Later 
glyphs found during the La Venta period 
provide more extensive evidence of iconog- 
raphy, but scholars are divided over whether 
those could be classified as writing 
(Science, 6 December 2002, p. 1872). 

Road builders quarrying fill from an 
ancient mound at Cascajal, outside San 
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Lorenzo, found the new block with pottery 
fragments and figurines. The local authority 
on cultural materials stored the objects in 
his home and alerted the paper’s first two 
authors, anthropologists Maria del Carmen 
Rodriguez Martinez and Ponciano Ortiz 
Ceballos of the Centro del Instituto 
Nacional de Antropologia e Historia. The 
block was then examined by the entire team 
this spring. Chemical analysis shows an 
ancient patina in the stone’s incisions, which 
were made with a blunted blade to make 
outlines and a sharper one to make cuts 
within the signs. 

The authors argue that the block is 
roughly the same age as the artifacts 
found with it, which they say date to the 
latter part of the San Lorenzo phase; 
they also note that the site is close to 
San Lorenzo itself. 
“There is quite a 
good deal of evi- 
dence on the proba- 
ble context,” says 
Pohl, who accepts the 
conclusion. But those 
claims don’t wash for 
some other researchers, who note that all of 
the artifacts were found out of context. 
“Once I owned a home near to Lincoln’s log 
cabin, but that proximity didn’t date my 
house to the same period,” says David 
Grove, an emeritus anthropologist at the 
University of Florida, Gainesville. “Like- 
wise, the literally mixed bag of shards kept 
by village authorities doesn’t help at all to 
date the piece.” 

Adds John Clark, an anthropologist at 
Brigham Young University in Salt Lake City, 
Utah: “Is the block associated with San 
Lorenzo or La Venta? We can’t answer that 
definitively.” Like Grove, he favors a later date, 
when Olmec glyphs became more common. 

Whatever the date, he and Grove agree that 
the inscription qualifies as writing and so is a 
dramatic find. A few of the signs are repeated, 
and there is a pattern of variable as well as 
short and repeated sequences. “The Cascajal 
block conforms to all expectations of writing,” 
the authors say. They argue that such sophisti- 
cation reveals “a new complexity to this 


Heady find. The 
Cascajal block shows 
signs of early script 
among the Olmec, 
who also left behind 
large stone heads and 
monumental buildings. 
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— civilization.” 
Houston goes a step 
further, saying, “We’re looking, 
possibly, at the glimmerings of an early empire.” 
The script’s influence on later systems is 
unclear, however. The text runs horizontally 
rather than vertically as in later Mesoamer- 
ican scripts. Nor can the writing be linked 
with a later writing system, Isthmian, 
which emerged around 500 B.C.E. and has 
radically different signs. Nevertheless, the 
authors conclude that “the clear linkage of 
the script to the widely diffused signs of 
Olmec iconography” argues in favor of a 
widespread system that died out before 
others appeared in succeeding centuries— 
perhaps as happened to one of the world’s 
first writing systems, the Indus script, 
which vanished shortly after 2000 B.C.E. 
Like Indus script, the newly discovered 
Olmec writing remains undeciphered. “We 
would need a Rosetta stone,” says Houston. 
Clark hopes that the Cascajal block will 
encourage researchers to go back to the site. 
“Now we need to dig some control pits and do 
some real archaeology,” he says. 
-ANDREW LAWLER 
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ASTROPHYSICS 


Space Mission to Shine a 
Light on Solar Flares 


TOKYO—Solar flares and coronal mass ejec- 
tions, the most powerful explosions in our 
solar system, periodically blitz Earth with 
charged particles that can disrupt radio sig- 
nals, fry satellite electronics, and threaten 
the health of astronauts who find 
themselves outside our planet’s 
sheltering ionosphere. Yet these 
phenomena are little under- 
stood. Scientists don’t know, for 
example, what generates the 
magnetic energy thought to 
power solar flares, what triggers 
the energy’s release, or even 
whether solar flares pop up all 
over the sun’s surface or just in 
certain regions. 

Solar-B, a spacecraft set for 
launch from Japan’s Uchinoura 
Space Center on 23 September, 
“is designed to answer these ques- 
tions,” says John Davis, a Solar-B 
project scientist at NASA’s Mar- 
shall Space Flight Center in 
Huntsville, Alabama. A better 
understanding of solar processes, he says, 
“could have a broad impact on physics.” 

Solar-B is an encore to Yohkoh, the first 
spacecraft to observe a solar flare’s highly 
energetic x-rays, which are obscured from 
land-based telescopes by Earth’s atmos- 
phere. Spiro Antiochos, an astrophysicist at 
the U.S. Naval Research Laboratory in 
Washington, D.C., says that Yohkoh, 
launched in 1991, provided “the first defin- 
itive observations” connecting solar flares 
to magnetic reconnection, in which mag- 
netic fields generated deep within the sun 
suddenly break apart and reform, releasing 
massive amounts of energy. This energy 
heats the corona and accelerates electrons, 
protons, and heavier ions into space, form- 
ing solar flares. Yohkoh, however, was 
unable to link specific magnetic field struc- 
tures to solar flares. 

Solar-B should fill in the gaps. “What 
we expect from Solar-B is to clearly iden- 
tify a specific magnetic field motion and a 
specific type of magnetic field appearing 
on the sun’s surface and the coronal 
response,” says Takeo Kosugi, project 
manager for the Institute of Space and 
Astronautical Science in Sagamihara, 
which is reprising its Yohkoh partnership 
with NASA and the U.K.’s Particle 
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Physics and Astronomy Research Council 
on the mission. 

Three telescopes onboard the $210 million 
spacecraft will help achieve this preci- 
sion. Its optical scope, with a 0.5-meter 


Sun spotter. Solar-B promises the finest look yet at magnetic 
processes that produce flares and coronal mass ejections. 


mirror—the largest of its kind put in 
space to observe the sun—will be able to 
resolve solar features as small as 
150 kilometers across and will have a 
vector magnetograph that determines the 
polarization of magnetic fields. An 
improved x-ray telescope will provide 
higher resolution images of flares and 
other phenomena than Yohkoh could man- 
age and will measure temperatures exceed- 
ing 10 million kelvin—a first. And an 
extreme ultraviolet imaging spectrometer 
will observe solar plasma, helping relate 
the movement of hot gases in the corona 
to the underlying magnetic fields. Solar-B 
will provide round-the-clock obser- 
vations for 8 months a year over a 
planned mission lifetime of 3 years. 
Although Solar-B’s primary objective is 
to unravel basic solar processes, there could 
be practical payoffs as well. Davis says that 
NASA hopes to develop an ability to predict 
flares and coronal mass ejections before 
they occur—and even better, when they 
won’t occur. The latter knowledge would 
allow the agency to designate “safe periods” 
of hours or days for astronauts to venture out 
on spacewalks. And that could take the sting 
out of a very nasty solar punch. 
—-DENNIS NORMILE 
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Interest in Conflicts 


The influential officials who oversee conflict-of- 
interest policies for their institutions think that 
a little disclosure goes a long way. A survey of 
45 senior U.S. researchers in the Journal of 
Law, Medicine & Ethics has found that 
although all believe conflicts should be dis- 
closed to volunteers participating in clinical 
research, few thought that the details of those 
conflicts were worth sharing. “I do not really 
think that there is a lot of need for saying 
Company XYZ is paying me $6000 for every 
patient we enroll in this” if the money funds 
research, one of those surveyed explained. 
Thirty-four researchers believed the funding 
source should be disclosed, but many feared 
that given dollar amounts, research partici- 
pants would overestimate the influence of the 
payment on the investigator's behavior. An 
earlier study by the researchers who did the 
survey, led by scientists at Johns Hopkins Uni- 
versity, found that both healthy and chronically 
ill people rated disclosure more important as 
the risk of research rose. —JENNIFER COUZIN 


Conferences to Get Less Perky 


BEIJING—Members of the Chinese Academy 
of Sciences and the Chinese Academy of Engi- 
neering enjoy privileges including easy grant 
money, housing subsidies, and personal driv- 
ers. But organizers of the Xiangshan Science 
Conferences have decided to bar academy 
members from using their titles when regis- 
tering for conferences or in proceedings pub- 
lications. Held every 2 weeks throughout the 
year on topics as diverse as neurobiology and 
robotics, the meetings influence the govern- 
ment’s research priorities. The new rules send 
a message that “every conferee is equal,” 
says Xiangshan staffer Liu Yuchen. 

The change “emphasizes that equality 
among scientists ... determines the develop- 
ment of science,” says Zhu Pengcheng, a 
molecular biologist at Harvard Medical School 
in Boston who attended a recent Xiangshan 
meeting in Beijing. -YAN ZHAO 


Tumor Gene Troika 


Three types of cancer—lung, brain, and ovar- 
ian—have been chosen for a pilot run of The 
Cancer Genome Atlas, a $1.5 billion plan to 
search for all mutations involved in cancer 
(Science, 8 September, p. 1370). The cancers 
were chosen because the tissue banks supplying 
them met ethical and scientific standards, say 
the National Institutes of Health’s cancer and 
genome institutes, which are sponsoring the 
$100 million, 3-year pilot. -JOCELYN KAISER 
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INFECTIOUS DISEASE 


Extensively Drug-Resistant TB Gets Foothold in South Africa 


An outbreak of what’s called “extensively 
drug-resistant tuberculosis,” or XDR TB, in 
KwaZulu-Natal Province, South Africa, 
appears to be nearly twice as large 
as originally reported. At a meet- 
ing of international public health 
officials held in Johannesburg last 
week to discuss what were then 
53 cases of the highly lethal tuber- 
culosis at one health-care center, 
South African researchers re- 
ported that they now had identi- 
fied a total of 102 cases at 28 hos- 
pitals. “It is extremely worrying, 
and WHO [the World Health 
Organization] is responding very 
proactively,” says Paul Nunn, who 
coordinates the TB/HIV and Drug 
Resistance Unit for the Stop TB 
Department at WHO, one of the 
meeting’s co-organizers. “XDR 
threatens the significant gains 
made in the last 15 years in 
TB control globally.” 

The South African outbreak of XDR TB is 
the largest ever reported. WHO and the U.S. 
Centers for Disease Control and Prevention, 
another meeting co-organizer, first described 
XDR TB in the 24 March Morbidity and 
Mortality Weekly Report (MMWR). The 
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researchers defined XDR TB as being resist- 
ant to the two widely used first-line drugs and 
three of the six main classes of second-line 


LIMPOPO 


MPUMALANGA 


NORTH 
WEST 


GAUTENG 


FREE 
STATE 


KWAZULU- 
woe NATAL 


SOUTH AFRICA 


NORTHERN 
CAPE 


EASTERN 
CAPE 


WESTERN 


CAPE 


Widespread. New analyses have discovered XDR TB cases at 28 
hospitals in KwaZulu-Natal. 


treatment. (Multidrug-resistant TB, by con- 
trast, does not respond to first-line drugs.) At 
the time, the researchers had identified 347 XDR. 
TB cases worldwide, and only one was in 
Africa. In the 53 cases in KwaZulu-Natal, first 
reported publicly in August at the international 


Campaign Heats Up for WHO Director-General 


In what promises to be an unusually hard- 
fought and public race, 13 candidates are 
competing to be the next director-general of 
the World Health Organization (WHO). The 
surfeit of contenders means that the process 
will be even less predictable than usual, say 
observers, but early signs are that it also may 
be more open than previous campaigns. 

In November, the WHO executive board 
will choose a successor to Director-General 
Jong Wook Lee, who died suddenly of a 
stroke in May, only 3 years into his 5-year 
term. After a flurry of last-minute nomina- 
tions before the 5 September deadline, the list 
includes four candidates from Europe, three 
from the Middle East, three from Asia, one 
from Africa, and two from Latin America. 
Early front-runners include Mexican health 
minister Julio Frenk and two insiders: bird flu 
czar Margaret Chan of Hong Kong, WHO’s 
assistant director-general for communicable 


diseases, and Shigeru Omi, the Japanese head 
of WHO’s Western Pacific Division. Pascoal 
Mocumbi, former prime minister of Mozam- 
bique, and Bernard Kouchner of France, 
co-founder of Doctors Without Borders, may 
also gather strong support. 

The campaign is already intense. Frenk has 
already launched a Web site outlining his 
goals and priorities. He told Science that his 
experience reforming Mexico’s health system 
makes him the strongest candidate. “Being 
minister of health of a large developing coun- 
try is probably the best hands-on training you 
can have,” he said. Chan told journalists last 
week that she was confident she would win the 
nomination. Some WHO watchers speculate 
that Mocumbi will be a strong candidate 
among countries advocating for WHO’s first 
African leader. 

Such posturing is a healthy sign, says 
Christopher Murray of Harvard School of 


AIDS conference (Science, 25 August, 
p. 1030), the average time to death was 
16 days after a sputum sample was taken. “This 
is about as fatal as you can get,’ says Nunn. 

In every one of the 102 cases that has been 
checked, the patients have also been infected 
with HIV. TB is a leading killer of people with 
AIDS, and some evidence suggests that TB 
transmits more easily in HIV-infected people. 
TB also complicates treatment of HIV. 

Resistance to TB drugs typically develops 
when people do not finish their full course of 
medication or receive drugs that have limited 
potency. Preliminary data suggest that many of 
the XDR TB patients are infected with the 
KZN strain that first surfaced in KwaZulu- 
Natal in 1995 as a major source of multidrug 
resistance. Says WHO epidemiologist Abigail 
Wright: “It’s very worrying when you see dom- 
inant families [of Mycobacterium tuberculosis] 
becoming extensively resistant.” 

Wright, who co-authored the MMWR 
report, stresses that no one yet has a good han- 
dle on the global prevalence of XDR TB. Nunn 
notes that South Africa is more developed than 
many of its neighbors and has a better detection 
system. “The same kind of outbreaks in more 
isolated conditions might pertain,’ says Nunn. 
“What’s going on in Zambia and Zimbabwe? 
We really need to know.” -JON COHEN 


Public Health in Boston. WHO’s selection 
process is frequently criticized for being too 
influenced by behind-the-scenes diplomatic 
deals. The Web sites and statements are 
aimed at the broader public health commu- 
nity instead of the politicians and diplomats, 
Murray says. “If it does influence the race, 
that’s a very good thing,” he says. 

One of the key questions facing the next 
director is where the organization fits among 
the other new influences in global health, 
says international health expert Gerald 
Keusch of Boston University. “Can WHO 
play in the same sandbox with the Gates 
Foundation? It’s not going to have a 
$60 billion endowment to work with, so it’s 
got to have something on the intellectual, 
political, and ethical scene to contribute—and 
be willing to be a partner”? -GRETCHEN VOGEL 


With reporting by Jon Cohen, Martin Enserink, and 
Eliot Marshall. 
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INFLUENZA 


Ground the Planes During a Flu 
Pandemic? Studies Disagree 


By scouring mortality data from 121 cities 
across the United States, Harvard researchers 
have found footprints of 9/11 that they say 
should guide policy during an influenza pan- 
demic. The decline in air travel in the months 
after the terrorist attacks delayed the annual 
flu season in the United States by almost 
2 weeks, they conclude—a finding that sug- 
gests that a flu pandemic, too, could be slowed 
down, perhaps by months. But researchers 
who have studied the same question using 
computer models—and found closing down 
airports to be less useful—are skeptical. 

The 2003 outbreak of SARS drove home 
the widely held belief that global mobility 
helps spread infections; indeed, it’s almost a 
cliché among researchers to say that the most 
important disease vector today is the Boeing 
747. But air-travel restriction won’t help slow 
a flu pandemic much, three model studies 
concluded earlier this year—especially when 
compared to the judicious use of vaccines, 
antiviral drugs, isolation, and quarantine. 

In a paper published in July in Nature, 
for instance, Neil Ferguson of Imperial 
College London and his colleagues tested how 
the United States and the United Kingdom 
might best mitigate a pandemic’s ravages. 
They found that unless they are 99% effec- 
tive, border controls and internal travel 
restrictions won’t slow viral spread by more 
than 2 or 3 weeks. Ben Cooper and his col- 
leagues at the U.K. Health Protection 


Delayed. The decline in air travel after 9/11 delayed 
the U.S. flu season by almost 2 weeks, a new study says. 
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Agency, who modeled air travel around the 
world in a June paper in PLoS Medicine, 
also found limits “of surprisingly little 
value.” The reason, says Ferguson, is that flu 
spreads extraordinarily rapidly. 

But in the real world, the 27% reduction in 
international air-travel volume after 9/11 
appears to have caused a 13-day delay in the 
2001-02 influenza season—considerably 
more than the models would predict, say John 
Brownstein and Kenneth Mandl of Chil- 
dren’s Hospital Boston and Harvard Medical 
School in a paper released on 11 September 
by PLoS Medicine. Analyzing data from 
1996 to 2005, they also found a correlation 
between higher air-travel volumes in the fall 
and a slightly earlier flu season. Extrapola- 
tions suggest that a full-blown travel ban, as 
opposed to the post-9/11 slump, might delay 
a flu pandemic by as much as 2 months, says 
Brownstein—precious time to activate coun- 
termeasures and work on a vaccine. 

The modelers aren’t convinced, however. 
Ferguson says there is no proof that the rela- 
tion between travel and timing of the flu sea- 
son is causal, and he questions the team’s use 
of a complex statistical measure to deter- 
mine the timing of the peak. Although the 
study is “very nice,” the 9/11 effect “is an 
n of 1; it’s intriguing, but you can’t draw any 
conclusions,” says Ira Longini of the Univer- 
sity of Washington, Seattle, who co-authored 
a paper in the Proceedings of the National 
Academy of Sciences in April that also con- 
cluded that travel bans had little value. 

Brownstein suspects that some of the criti- 
cism may stem from the contradiction 
between his data and the models. “They are 
making assumptions about the relationship 
between air travel and the spread of influenza,” 
he says. “But this is empirical evidence.” 

Although some countries’ pandemic pre- 
paredness plans list travel bans as an option, 
Ferguson says most governments that have 
studied the idea seriously have rejected it. 
The World Health Organization’s (WHO’s) 
Global Influenza Preparedness Plan does not 
recommend travel bans because enforce- 
ment “is considered impractical,” but a foot- 
note adds that they “could be considered as 
an emergency measure to avert or delay a 
pandemic.” WHO spokesperson Gregory 
Hartl says the new study is “very interesting” 
and “opens up the debate again.” 

—MARTIN ENSERINK 
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NASA Science Chief Calls It Quits 


One year after taking the job, NASA's science 
chief last week told her staff she will resign this 
spring. A biologist and former astronaut, Mary 
Cleave oversees the agency’s space, planetary, 
and earth sciences research—programs in tur- 
moil over budget overrun pressures. Cleave, 
who was unavailable for comment, alienated 
many scientists during her brief tenure by 
backing the elimination of a host of projects 
and reduced research funding. Meanwhile, 
NASA Administrator Michael Griffin told key 
senators in a letter that a plan to eliminate 
space-station research funding was simply 
“intended to prepare for potential budget 
reductions.” The senators had complained that 
cutting research made no sense given the 
investment in building the orbiting lab. 
-ANDREW LAWLER 


Cancer Watch at Ground Zero 


Public health researchers in New York will begin 
a long-term surveillance program next month of 
workers exposed to dust during rescue and 
recovery efforts after the 2001 World Trade 
Center attacks. Some 40,000 workers combed 
through the rubble, breathing dust laced with 
toxics such as dioxin or asbestos. According to 
a paper published in Environmental Health 
Perspectives last week, 61% of 9442 workers 
surveyed have developed acute respiratory 
problems such as labored breathing. 

The new effort will receive $26 million in 
federal funds until 2009 and track some 
30,000 workers for long-term lung problems 
as well as cancers. Society owes answers to the 
“volunteers who leapt into the fray,” says 
co-leader Philip Landrigan of Mount Sinai 
Medical Center in New York City, one of five 
clinical centers on the effort. -ERIK STOKSTAD 


Academic Demotion 


MOSCOW—The Russian Academy of Sciences 
could be stripped of authority to select a presi- 
dent and control its own finances if proposed 
changes in Russia's law on science take effect. 
A closed Cabinet meeting last week endorsed 
legal changes that could clear parliament in a 
matter of weeks, observers say. Critics of the 
move say that the new scheme will give the gov- 
ernment new authority to set the nation’s basic 
research agenda and that the academy will be 
turned into a club. Many scientists fear that the 
government will sell off the academy's valuable 
property assets. Putting a good face on the situ- 
ation, academy spokesperson Irina Presnyakova 
said that the pending changes will bring the 
academy prestige and fiscal certitude. 

—-BRYON MACWILLIAMS 
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Poplar Tree Sequence Yields Genome Double Take 


Rise 


Black cottonwoods are the lab 
rats of the tree world. It’s rela- 
tively easy to add or knock out 
genes, and like other members 
of the poplar genus, they grow 
quickly enough that researchers 
can check the outcome of some 
experiments in less than a year. 
Foresters love poplars too: Their 
fast growth rate makes them a 
good source of fiber for paper, 
lumber, plywood—and a possi- 
ble source of biofuels. All these 
reasons motivated more than 
100 researchers to sequence the 
tree’s genome. 

On page 1596, the team, led 
by Gerald Tuskan of Oak Ridge 
National Laboratory (ORNL) in 
Tennessee and Daniel Rokhsar of the Joint 
Genome Institute (JGI) in Walnut Creek, 
California, describes its first analysis of 
the more than 45,000 likely genes in black 
cottonwoods (Populus trichocarpa). The 
group has begun to sketch out the evolu- 
tionary history of Populus, finding, for 
example, that a doubling of the genome 
about 65 million years ago freed up many 
genes to acquire functions important for 
trees, such as wood formation. 

Cottonwood is the first tree and the third 
plant genome to be sequenced, coming after 
the herbaceous annual Arabidopsis and rice. 
The bulk of the sequencing was done at JGI 
and ORNL, with researchers around the world 
contributing genetic markers—such as 
324,000 expressed sequence tags—which 
aided in the search for genes. Four groups then 
independently trained computer algorithms to 
search for coding sequences, and they all 
agreed on 45,555 likely nuclear genes. 

By comparing the new sequence to that 
of Arabidopsis and sections from other 
plants, the team determined that the ances- 
tral genome of poplars had been duplicated 
at least three times: first, at the base of all 
angiosperms, then about 100 million to 
120 million years ago, and most recently 
60 million to 65 million years ago. “The 
genome sequence shows this incredibly 
complicated evolution, full of diversity,” 
says Gail Taylor of the University of 
Southampton, U.K., who is not an author. 
“Tt’s like an Aladdin’s cave.” Similar dou- 
blings also occurred in rice and Arabidopsis, 
so they appear to be widespread among 
plants, Tuskan says. 
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Genome duplications offer new grist for 
natural selection because a second copy of a 
gene can evolve a new function. Although 
the Populus genome has lost some of its 
extra copies, it retained others that might 
be particularly useful for fending off 
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Unveiled. The genome of black cottonwood should 
provide insights into how to improve commercial 
varieties of it and other poplars. 


pathogens, synthesizing lignin and cellu- 
lose, transporting metabolites, and bringing 
about programmed cell death (which may 
be important for seasonal growth and 
autumnal senescence). 

The next step is to figure out what more 
of the genes do—half have no known func- 
tion—by creating mutants with genes that 
are under- or overexpressed. “There will be 
thousands of new functions that were not 
known or fully appreciated in other species,” 
predicts Steven Strauss of Oregon State 
University in Corvallis. This will help lead 
to the development of new varieties of 
poplars that might have longer growing sea- 
sons or pack on more biomass. It could also 
have payoffs for ecologists, clarifying the 
keystone role of poplars in riparian and other 
ecosystems. “There’s a whole new area of 
science opening up,” Taylor says. 

—-ERIK STOKSTAD 


Pulsars’ Gyrations Confirm Einstein's Theory 


Comparing a pair of massive stellar clocks 
known as pulsars, an international team of 
astronomers has put Einstein’s theory of 
gravity to its toughest test yet. Published 
online by Science this week (www. 
sciencemag.org/cgi/content/abstract/ 
1132305), the results show that the theory of 
general relativity (GR) is accurate to within 
0.05%, even in the ultrastrong gravity of a 


Timepieces. Taking the pulses of two pulsars as they whiz around each other, 
astronomers have determined their orbit and tested general relativity. 


pulsar, a spinning neutron star measuring 
roughly 20 kilometers wide but weighing 
more than the sun. Further observations 
could enable researchers to peek into the 
structure of neutron stars, the hearts of 
which may contain a bizarre form of nuclear 
matter that flows without resistance. 

Most physicists agree that GR cannot be 
the last word on gravity because it clashes with 
quantum mechanics. 
The new observation 
limits the possibilities 
for tinkering with GR, 
says Joseph Taylor, a 
physicist at Princeton 
University. “They’re 
tightening the con- 
straints on any alter- 
native to Einstein’s 
theory,” he says. 

According to GR, 
matter and energy 
warp space and time, 
making free-falling 
objects travel along 
curved paths and pro- 
ducing the effects p 
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we call gravity. Einstein specified a particular 
mathematical connection between the den- 
sity of matter and energy and the curving of 
spacetime. To test the theory, a team led by 
astronomer Michael Kramer of the Jodrell 
Bank Observatory in Macclesfield, U.K., 
studied a unique astronomical object: a pair 
of pulsars 2000 light-years away that orbit 
each other at a distance of just a million kilo- 
meters (Science, 9 January 2004, p. 153). 

Spinning like a lighthouse beacon, a pul- 
sar beams radio waves into space, creating a 
pulsing signal that’s nearly as steady as an 
atomic clock. If a pulsar orbits another 
object, the rate of pulsing rises and falls 
repeatedly as the pulsar speeds alternately 
toward and then away from Earth. By track- 
ing the variations in the rates of both pulsars 
from April 2003 to January 2006, the 
researchers deduced the details of their 
orbit, such as the length of its elliptical 
shape, the rate at which the ellipse rotates, 
and how the orbit is tilted relative to the line 
from the pulsar to Earth. 

They quantified the details in several 
so-called post-Keplerian parameters and 
found that all the parameters were consis- 
tent with one another and with GR to 
within the uncertainties. “General relativ- 
ity does a perfect job of describing what we 
know of the system so far,” says Ingrid 
Stairs, an astronomer and team member 
from the University of British Columbia in 
Vancouver, Canada. 

Taylor and others had tested GR by 
studying single pulsars orbiting other 
objects. But with just one pulsar, researchers 
cannot directly determine certain details, 
such as the relative masses of the orbiting 
objects, says Taylor, who won the Nobel 
Prize in physics in 1993. Moreover, the pul- 
sars in the double pulsar are moving faster 
than those in the other systems, he says, 
which accentuates relativistic effects. 

As well as testing GR, further observa- 
tions might reveal a subtle interplay 
between the rate at which the pulsars orbit 
and the rate at which each spins on its axis. 
That would give scientists a direct measure- 
ment of the distribution of mass within a 
neutron star and a first real glimpse into its 
mysterious insides, says Thibault Damour, a 
theoretical physicist at the Institut des 
Hautes Etudes Scientifiques in Bures-sur- 
Yvette, France. “This is not for today,” he 
says, “but it shows that high-accuracy 
measurements might open a new window 
on nuclear physics.” It might take more than 
a decade to see the effect, but all say it will 
be worth the wait. 

—-ADRIAN CHO 
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Mild Climate, Lack of Moderns Let 
Last Neandertals Linger in Gibraltar 


One of the few things researchers agree on 
regarding the Neandertals is that the story of 
these European hominids ends in extinction. 
But just when the last Neandertal died, and 
whether modern humans or a changing cli- 
mate sealed their fate, are matters of lively 
debate (Science, 14 September 2001, p. 1980). 
Now a team working at Gibraltar, at the south- 
ern tip of Spain, reports radiocarbon dates 
suggesting that some Neandertals survived 
thousands of years longer than previously 
thought, taking refuge in southern Europe 
where the climate and environment were 
favorable, and where moderns were still fairly 


The good life. Did Neandertals find refuge from a 
harsh climate and modern humans along Gibraltar’s 
lush coast? 


thin on the ground. “While pioneer modern 
humans were staking tenuous footholds” in 
the region, says team leader Clive Finlayson, a 
biologist at the Gibraltar Museum, the last 
Neandertals “were hanging on.” 

Anthropologist Eric Delson of the City 
University of New York says that “the dates 
appear fully supported,” and that the notion 
of Neandertal refugia is “quite reasonable.” 
But some archaeologists believe contamina- 
tion from younger material might have 
skewed the dates. “I have considerable 
reservations,” says archaeologist Paul Mellars 
of the University of Cambridge in the 
United Kingdom. 

The new dates come from Gorham’s Cave 
in Gibraltar, where Neandertals left their 


characteristic Mousterian stone tools, 
although no fossils have been found. The 
international team obtained 22 radiocarbon 
dates from small pieces of charcoal in Mous- 
terian layers dug between 1999 and 2005. The 
dates, reported online this week in Nature, 
range from 23,000 to 33,000 with a cluster at 
about 28,000 raw “radiocarbon years’’; these 
must be calibrated to provide true calendar 
years. Although the calendar age is probably 
at least several thousand years older than the 
radiocarbon years, the calibration is uncertain 
(see p. 1560), and the team has stuck to uncal- 
ibrated dates. Reconstructions suggest that 
Gibraltar was surrounded by coastal wetlands 
and woodlands and blessed with mild tem- 
peratures at this time, Finlayson says, and 
the Neandertals enjoyed a rich cornucopia 
of resources including shrubs, birds, rep- 
tiles, and mollusks. 

The Gibraltar dates appear to be the 
youngest accepted for a Neandertal site, 
although sites in Spain and Portugal have 
been dated as late as 32,000 radiocarbon years 
ago. But the Gibraltar Neandertals were not 
entirely alone: Although there are very few 
modern human sites in the region older than 
30,000 years, one site about 100 kilometers 
east at Bajondillo, Spain, has been dated to 
about 32,000 uncalibrated years ago. The 
team concludes that Neandertals did not 
rapidly disappear as moderns advanced 
but rather co-existed with them in a 
“mosaic” of separate, low-density popula- 
tions over thousands of years. 

Mellars counters that many of the new 
dates actually cluster around 30,000 to 
31,500 years ago, and the later ones could 
be contaminated. And archaeologist Joao 
Zilhao of the University of Bristol in the 
U.K. dismisses the idea that Neandertals 
and moderns lived near each other but had 
only limited contact. “This really stretches 
the bounds of credulity,” Zilhao says. 

But the Gibraltar Neandertals used only 
Mousterian technology rather than copying 
some modern techniques as late Neandertals 
did elsewhere in Europe, notes Katerina Har- 
vati of the Max Planck Institute for Evolution- 
ary Anthropology in Leipzig, Germany. In the 
end, Harvati says, the Neandertal groups who 
stuck to their own traditions might have had 
the better strategy, and survived longer. 

—-MICHAEL BALTER 
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Microarray Data Reproduced, 
But Some Concerns Remain 


Over the past several years, 
debate has raged in the microar- 
ray community over how reliably 
these microchip-sized tools 
measure gene expression. Now, 
inaclutch of six papers published 
online last week by Nature 
Biotechnology, a consortium of 
137 researchers from 51 different 
organizations concludes that the 
technology works better than 
expected and that results can usu- 
ally be reproduced across labs. 
But some caution that the find- 
ings, although a technical feat, do 
not mark the end of microarray 
worries, nor do they necessarily 
speed the entry of the devices 
into patient care. 

The MicroArray Quality Con- 
trol (MAQC) project was initi- 
ated in 2005 by the U.S. Food and 
Drug Administration (FDA), 
which has a keen interest in seeing the tech- 
nology aid drug development. If reliable, 
microarrays could be used for everything 
from testing a drug’s effects to identifying 
patients most likely to benefit from a partic- 
ular treatment. The MAQC venture came 
about after a controversial 2003 paper by 
Margaret Cam of the National Institute of 
Diabetes and Digestive and Kidney Diseases 
in Bethesda, Maryland. Cam worked with 
pancreatic cells and reported that three dif- 
ferent microarray platforms revealed similar 
expression levels for only four of 185 genes 
tested (Science, 22 October 2004, p. 630). 
The inconsistent results likely stemmed, at 
least in part, from some microarray probes 
responding to the RNA of untargeted genes. 

The MAQC project was far more expan- 
sive. It put 20 microarray products and 
three alternative technologies through more 
than 1300 tests at different labs. The project 
investigator repeatedly tested expression 
levels of more than 12,000 genes using 
messenger RNA (mRNA) samples drawn 
from a composite of human tumor cell lines 
and from the human brain. The expression 
results overlapped—meaning that a gene’s 
expression was recorded the same way by 
each microarray—from 70% of the time to 
more than 90%. 

“This can bring a complete change in 
mindset in analyzing microarray data,” 
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Replicable. Certain gene-expression patterns, such as those shown 
here, can be reproduced across labs more reliably than thought. 


says Leming Shi, a computational chemist 
with FDA, who led the consortium. He 
attributes many of the problems in previ- 
ous studies to faulty statistics or unfamil- 
iarity with the technology. 


U.S. GRADUATE EDUCATION 


NEWS OF THE WEEK 7 


Others say the concern about microar- 
rays isn’t over yet. “I would counsel cau- 
tion” in interpreting these results, says Marc 
Salit, a chemist at the National Institute of 
Standards and Technology, who consulted 
with the authors on the project. He notes 
that the RNA samples MAQC compared are 
far more distinct from one another than are 
biological samples commonly compared in 
microarray studies—such as normal and 
cancerous cells from the same organ. Salit 
says this level of agreement would be 
unlikely in such cases, “because you'd be 
looking at more subtle differences.” Still, he 
notes that scientists can now test their own 
microarray technologies against the MAQC 
samples and gauge their reliability. 

“Here’s the industrial standard,” agrees 
Hanlee Ji, an oncologist and clinical geneti- 
cist at Stanford University in Palo Alto, 
California, who was part of the MAQC con- 
sortium. “Is your performance comparable 
to theirs, or is it so askew that that makes 
you concerned about your data?” FDA, says 
Ji, could hold microarray data supplied in 
drug applications to this new standard. 

But microarray technology still has a way 
to go before it can be broadly used to predict 
cancer prognosis or diagnose disease. MAQC 
project members will gather in Arkansas on 
21 September to determine what criteria 
should be used when applying microarray 
data to disease, and which illnesses are worth 
focusing on first. -JENNIFER COUZIN 


Foreign Enrollment Rebounds After 3-Year Slump 


Foreign-born students have rediscovered 
US. graduate schools. After a 3-year decline, 
the number of foreign students starting grad- 
uate studies in the United States rose 4% last 
year. And, continuing the upswing, the num- 
ber of international graduate applications to 
US. universities shot up 12% this year, sug- 
gesting that the country may be regaining its 
positive image among foreign students. 
Observers credit the rebound, documented 
in a 643-institution survey released this week 
by the Council of Graduate Schools (CGS), to 
speedier processing of visa applications and 
increased international outreach. “The U.S. 
government has clearly made efforts” to mod- 
ify some of the restrictive visa policies that 
were put in place after the 2001 terrorist 
attacks, says CGS President Debra Stewart. 
“The visa situation is still not perfect, but it is 
much better than it was in 2004.” A majority 
of foreign-born graduate students pursue 
degrees in the sciences and engineering. 


Iowa State University (ISU) in Ames last 
year began paying the $100 fee charged 
every foreign student to register in the U.S. 
government’s Student and Exchange Visitor 
Information System. “We’re seeing some 
rewards,” says admissions officer Patricia 
Parker, citing an increase of 400 inter- 
national graduate applications this year. 
The U.S. State Department has helped 
too, Parker says, by sending embassy offi- 
cials to local universities to explain visa 
application procedures. 

Stewart says the rapidly expanding pool 
of college graduates in countries such as 
India and China should be a boon to 
U.S. graduate programs. But she warns her 
colleagues against complacency: “Given the 
increased global competition for talent, the 
U.S. government must turn its visa policy 
from an impediment against foreign stu- 
dents to an instrument of recruitment.” 

—-YUDHIJIT BHATTACHARJEE 
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The 1994 discovery of France’s Grotte 
Chauvet revolutionized ideas about sym- 
bolic expression in early modern humans. 
The breathtaking drawings of horses, 
lions, and bears that adorned the cave 
walls were executed with perspective and 
shading and rivaled the virtuosity of all 
other known cave art. But when were those 
drawings made? Early radio- 
carbon dates suggested 32,000 
years ago, right after a major 
cold spell hit Europe. This 
implhed that modern humans 
blossomed under frigid condi- 
tions while their Neandertal 
cousins were going extinct. But 
improved radiocarbon dating 
now suggests that the oldest 
paintings at Chauvet could be 
at least 36,000 years old. That’s 
smack in the middle of a period 
of relative warmth and chal- 
lenges speculation about mod- 
ern humans’ adaptability to a 
cold climate. 

Getting the dating right is 
“crucial,” says archaeologist 
Clive Gamble of the University of London’s 
Royal Holloway campus. “It is not just a 
case of winning a trophy by being the old- 
est. The model up to now has been that mod- 
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Radiocarbon Dating's 
~ Final Frontier 
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ern humans could go anywhere and do any- 
thing, and ... it didn’t matter what the cli- 
mate was.” Thanks to more accurate dating, 
says Gamble, “that model is now showing 
signs of cracking.” 

Indeed, as radiocarbon experts revise 
their estimates, all researchers working in the 
eventful period from about 50,000 to 25,000 


Push ‘em back. These fighting rhinos in France’s Grotte Chauvet could be more 
than 4000 years older than originally thought. 


years ago are facing an across-the-board 
realignment of dates. That’s when both Nean- 
dertals and modern humans lived in Europe 
and when wildly fluctuating temperatures 


In a heroic and sometimes contentious effort, 
researchers push to extend accurate radiocarbon 
. dating back to 50,000 years ago 


culminated in the spread of glaciers across 
much of the Northern Hemisphere. 

There’s no question about the basic prin- 
ciples of the radiocarbon method: Plants and 
animals absorb trace amounts of radioactive 
carbon-14 ('4C) from CO, in the atmosphere 
while alive but cease to do so when they die. 
So the steady decay of '4C in their tissues 
ticks away over the years. But the 
amount of '4C produced in the 
atmosphere varies with the sun’s 
solar activity and fluctuations in 
Earth’s magnetic field. This 
means that the radiocarbon clock 
can race ahead or seemingly stop 
for up to 5 centuries. As a result, 
raw radiocarbon dates sometimes 
diverge from real calendar years 
by hundreds or even thousands of 
years. Thus researchers must cal- 
ibrate the clock to account for 
these fluctuations, and that can 
be a challenge. For example, the 
start of the Holocene, the period 
when the last ice age ended, is 
usually dated to 10,000 uncali- 
brated radiocarbon years ago. 
But the radiocarbon clock stopped for sev- 
eral hundred years right at that point, so that 
the start of the Holocene—when agriculture 
began—can’t be pinned down any more pre- 


15 SEPTEMBER 2006 VOL313 SCIENCE www.sciencemag.org 


PHOTO COLLAGE: K. BUCKHEIT KRAUSE/SCIENCE (IMAGES: JUPITER IMAGES; GETTY IMAGES; DK LIMITED/CORBIS); (BOTTOM) JEAN CLOTTES 


CREDITS: ADAPTED FROM P. J. REIMER ET AL., RADIOCARBON 46, 3 (2004); (INSETS, TOP TO BOTTOM) AEGEAN DENDROCHRONOLOGY PROJECT, CORNELL UNIVERSITY; JEAN JAUBERT 


By land and by sea. Corals and foraminifers from 
the oceans, and trees from the land, are used to craft 
the radiocarbon calibration curve. 


cisely than somewhere between 11,200 and 
11,800 years ago (see graph). Because the 
best estimate of the calibration keeps 
changing, many scientists avoid reporting 
calendar years and simply cite “radiocarbon 
years” as a universal measuring stick when 
announcing new finds (see News of the 
Week story by Balter). 

Yet recent progress in radiocarbon dating 
may finally give researchers the accuracy 
they seek. In 2004, after 25 years of 
painstaking labor, an international group of 
radiocarbon experts extended the calibra- 
tion curve back to 26,000 years by using 
data from tree rings, corals, lake sediments, 
ice cores, and other sources to create a 
detailed record of '4C variations over the 
millennia. The final frontier, which the 
group hopes to reach by the end of this 
decade, will be to push calibration to the 
50,000-year mark; beyond that, there is too 
little residual '4C to measure precisely. 

Refinement of existing data, plus some 
promising new data sources, including 
ancient trees from the swamps of New 
Zealand, may help close the final gap. 
“These are very exciting times,” says 
nuclear physicist Johannes van der Plicht, 
director of the radiocarbon laboratory at the 
University of Gréningen in the Netherlands. 
He adds that a final calibration curve “will 
answer so many questions in archaeology,” 
in large part because the 50,000-year limit 
coincides with a major migration of modern 
humans from Africa to Europe and Asia. 

Earth scientists, many of whom use 
radiocarbon dating to study the movement 
of glaciers and ocean currents, are equally 
enthusiastic, in part because of the unprece- 
dented climate variability that occurred 
between 30,000 and 50,000 years ago. 
Those who study sea-level fluctuations dur- 
ing and after the last ice age—data used to 
model patterns of global warming—rely 
“almost entirely” on radiocarbon dating, 
adds geophysicist Richard Peltier of the 
University of Toronto in Canada. 

Yet the eagerly awaited calibration is 
complicated by dissent in the ranks. One 
U.S. scientist has bypassed the interna- 
tional working group and published his 
own calibration curve, to the annoyance of 


Ribbons of time. The thickness of the curves shows 
that calibration of very old dates, based on deep-sea 
corals (bottom graph), is less precise than younger 
dates based on tree rings (top). 
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many colleagues, while a British archaeol- 
ogist is using provisional calibration 
data—prematurely, in the view of some 
radiocarbon experts—as evidence that 
Homo sapiens spread across Europe more 
rapidly than previously thought. Both 
researchers argue that science can’t wait for 
an internationally agreed-upon calibration 


IntCal04 Terrestrial Calibration Curve 
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curve. The question at issue, says archaeol- 
ogist Sturt Manning of Cornell University, 
is “who actually owns time”: the experts 
working to calibrate radiocarbon, or the 
research community at large. 


Science from the sewer 

The radiocarbon revolution that gave such a 
huge boost to archaeology and 
other fields had somewhat 
inauspicious origins: the sewers 
of Baltimore, Maryland. In 1947, 
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chemist Willard Libby and his 
colleagues demonstrated that 
methane gas produced by 
Baltimore’s Patapsco 
Sewage Plant contained 
trace amounts of 
radioactive !4C, thus 
proving that living 
organisms harbored 
the isotope (Science, 
30 May 1947, p. 576). 
On the other hand, 
methane from much older 
sources, such as petroleum 
deposits millions of years old, did 
not contain '4C. From that point 
on, as Libby put it in his 1960 
Nobel Lecture, “we [were] in the 
radiocarbon-dating business.” 
The revolution’s early days 
were heady times. Libby wowed 
archaeologists when he accu- 


rately dated a number of samples 
whose ages were already known, 
including the 2750 B.C.E. coffin 
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of the Egyptian pharaoh Zoser 
(Science, 23 December 
1949, p. 678). Most 
archaeologists, who had 
previously relied on 
relative dating meth- 
ods based on pottery 
styles, inscriptions, 
and guesswork, were 
thrilled to finally have 
a method for absolute 
dating, although a few 
attacked the method when it 
contradicted their pet theories. 
Some other dating methods, 
including thermoluminescence 
and uranium-series dating, over- 
lap with the period covered by 
radiocarbon. But these tech- 
niques cannot be applied to 
bones, seeds, and other organic 
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materials found in abundance on 
most archaeological sites. Yet as 
early as 1960, when Libby was 
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awarded the Nobel Prize for his work, dating 
experts realized that past fluctuations in 
'4C levels were leading to erroneous and 
inconsistent results. Thus, although Libby 
had good luck with Zoser’s coffin, radiocar- 
bon dating of some earlier Egyptian artifacts 
contradicted dates from reliable historical 
sources. As the number of such troublesome 
discrepancies rose, it became clear that a 
calibration curve to correct for '4C varia- 
tions, based on an independent data source, 
would be needed. 

Fortunately, just such a source was at 
hand: the sequences of annual tree rings, 
which dendrochronologists had been accu- 
mulating for decades. Long-lived trees such 
as the California bristlecone pine and Euro- 
pean oaks and pines, which are often pre- 
served in peat bogs, provide sections of ring 
width patterns that dendrochronologists use 
as bar codes to line up sequences of increas- 
ingly greater ages. By radiocarbon dating the 
rings, researchers began to construct calibra- 
tion curves that could convert 
raw radiocarbon dates into 
real calendar years going 
back thousands of years. 

Since then, the story has 
been one of continuously 
improving accuracy, as re- 
searchers have worked to pin 
down the curve. Starting in 
the late 1970s, radiocarbon 
labs began using accelerator 
mass spectrometry to directly 
count '*C atoms rather than 
estimating them indirectly; 
this allowed tiny samples such 
as small seeds and grains to be 
dated with much greater pre- 
cision. And the early 1980s 
saw “a movement to have a 
consistent calibration,” says 
Timothy Jull, head of the 
radiocarbon lab at the Univer- 
sity of Arizona in Tucson and 
editor of the flagship journal Radiocarbon. 
An international group has since met regu- 
larly on the issue, and new curves have been 
published approximately every 6 years. 

The most recent calibrations, unveiled in 
Radiocarbon in 2004, consist of three differ- 
ent curves: one to date marine samples and 
one each for terrestrial samples in the north- 
ern and southern hemispheres. The effort 
involved in each is tremendous. For exam- 
ple, IntCal04 is based in part on the over- 
lapping alignment of many thousands of 
tree-ring segments from the Northern Hemi- 
sphere dating back to 12,400 years ago. 
“This is a phenomenal achievement,” says 
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Richard Fairbanks, an isotope chemist at 
Columbia University’s Lamont-Doherty 
Earth Observatory in Palisades, New York, 
and a former member of the IntCal04 group. 

Beyond the limits of the dendrochronol- 
ogy record, however, radiocarbon experts 
have had to rely on other, considerably less 
precise sources of data. Between 12,400 and 
26,000 years ago, the IntCal04 curve is based 
on two types of marine deposits: foraminifers 
(single-celled organisms that secrete calcium 
carbonate) from the Cariaco Basin of 
northern Venezuela up to 14,700 years ago 
(Science, 9 January 2004, p. 202), and several 
fossil coral records, including samples col- 
lected by Fairbanks and colleagues from the 
Atlantic and Pacific oceans, that cover this 
entire period. 

The new curve also introduces statistical 
methods to reduce uncertainties. Researchers 
applied a complex probabilistic approach 
called Bayesian statistics to make educated 
estimates of what the calibration curve should 
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Going it alone. Richard Fairbanks’s curve, based on corals (inset), extends the radiocarbon 
calibration to critical periods in human evolution. 


look like. When each data point was weighted 
according to how certain researchers were 
about it, “a more robust estimate of the curve 
resulted,” says Caitlin Buck, an archaeologi- 
cal statistician at the University of Sheffield 
in the U.K. and member of the IntCal group. 
Statistics can also improve the dates at 
specific sites, as in the case of the volcanic 
eruption of the Greek island of Thera, 
which destroyed a Minoan town and was 
recently dated to about 1600 B.C.E.—at least 
100 years earlier than other estimates 
(Science, 28 April, p. 508). 

The field’s progress can be viewed 
graphically, points out Cornell’s Manning. 


The calibration curve is actually a ribbon 
rather than a line (see graphs, p. 1561), in 
which the width of the ribbon represents 
the remaining uncertainties in translating 
radiocarbon dates to calendar years. “If you 
plot all the calibration curves over the last 
20 years, you will find that the ribbon is get- 
ting much narrower,” Manning says. 


All the way back? 

Encouraged by their recent successes, radio- 
carbon researchers now have their eyes on the 
bigger prize of the 50,000-year limit. Indeed, 
when the IntCal group began work on the 
2004 curve, it had high hopes of extending it 
back to this final barrier. Yet it was not to be. 
Although the marine data sets were reason- 
ably consistent with each other up to 26,000 
years ago, after that they began to scatter and 
diverge, in some cases by up to several mil- 
lennia. Geochronologist Paula Reimer of 
Queen’s University in Belfast, Northern Ire- 
land, who coordinates the working group, 
says that the differences— 
among the raw data as well as 
among the researchers—were 
just too great: “We had four or 
five people, all of whom 
thought their records were 
right.” So the group settled for 
publishing in Radiocarbon a 
comparison of the data sets 
earlier than 26,000 years, 
which they ironically called 
“NotCal’”—meaning, Reimer 
and other members say, that it 
was not intended to be used as 
a calibration curve. 

But archaeologist Paul 
Mellars of the University of 
Cambridge in the U.K. used 
the published data to essen- 
tially do just that. Mellars 
was eager to get the most 
accurate dates for possibly 
contemporaneous Neander- 
tal and modern human sites in Europe. So 
he used the midpoint of the differing ““Not- 
Cal” curves to approximately calibrate the 
radiocarbon ages of 19 hominid sites rang- 
ing from Israel in the East to Spain in the 
West. Using this best-guess method, Mel- 
lars found that modern humans had not 
only spread across Europe faster than pre- 
viously thought, but that they had over- 
lapped with Neandertals during a shorter 
interval: only about 6000 years rather than 
10,000 years in Europe as a whole, and as lit- 
tle as 1000 years in some parts of the conti- 
nent. Mellars concluded in the 23 February 
2006 issue of Nature that Neandertals must 
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have “succumbed much more rapidly to 
competition” from modern humans than 
many had assumed. 

But Reimer and others say Mellars 
should not have used the NotCal data as he 
did. “It is dangerous to draw too fine conclu- 
sions using these data sets,” says Reimer, 
because they have not been finalized and the 
divergences between them have yet to be 
reconciled. Other researchers have started 
asking van der Plicht whether they can use 
the “Mellars curve” for calibration. “This is 
a bad thing,” says van der Plicht. 

Mellars insists that archaeologists can’t 
wait for a final calibration curve. “Are we 
all really expected to keep studies of modern 
human origins on hold for the next 5 years, 
until they decide they’ve finally got the 
calibration act together?” he 
asks. The working group, he 
argues, “has hijacked the 
term ‘calibration’ to mean 
an absolutely agreed, rubber 
stamped, legalistic, signed, 
sealed, and delivered curve.” 
And even when the experts 
agree on a curve, Mellars 
says, it will not be “final and 
absolute” but “simply the 
best estimate from the data 
at the time.” 

Fairbanks is equally im- 
patient. Last year, he and his 
co-workers decided to strike out on their 
own rather than wait for the consensus 
curve. In the September 2005 issue of 
Quaternary Science Reviews (QSR), the 
team published its own version of a calibra- 
tion curve spanning the entire period from 
50,000 years ago to today, based on its dat- 
ing of fossil corals from the Atlantic and 
Pacific oceans. The team dated the corals 
using both radiocarbon and uranium- 
thorium dating. And the authors made it 
clear that they intended their curve to be 
used as a “stand-alone” radiocarbon cali- 
bration, arguing that their screening criteria 
for coral data were more rigorous than 
those of other coral data sets as well as the 
Cariaco Basin foraminifers. 

The more than 20 members of the Int- 
Cal04 working group, however, did not 
take this affront lying down. In the April 
2006 issue of OSR, they contended in a let- 
ter that the Fairbanks paper was “extremely 
misleading” about the efforts of other 
groups and argued that stand-alone curves 
would lead to “confusion” among archaeol- 
ogists and other researchers who had to use 
them. “The question is whether we main- 
tain a common calibration curve or have 
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Tall order. Researchers hope ancient kauri trees buried in New Zealand swamps may 
extend tree-ring records back to at least 50,000 years ago. 


different calibrations, as we did in the 
past,” says Jull. And Reimer maintains that 
the Fairbanks curve does not sufficiently 
take into account uncertainties from using 
a marine data set to estimate a terrestrial 
curve, because the oceans contain less '4C 
than the atmosphere and researchers must 
try to correct for the difference. 

Fairbanks, however, defends his deci- 
sion to go it alone. “There is a critical need 
to have at least the skeleton of a precise and 
accurate radiocarbon calibration curve 
spanning the useful limits of radiocarbon 
dating now,” he says. “No international 
commission will stop scientific progress 
under the guise of consensus science.” Fair- 
banks adds that the IntCal04 group relied 
heavily on his team’s coral data to extend its 
curve to 26,000 years. And he notes that he 
apparently has a growing number of cus- 
tomers. When his calibration Web site* 
debuted in August 2005, it received 
900 visitors per month; by July 2006, it 
was getting about 1900. “Rick’s curve is 
simply the most objective, because it 
involves the fewest assumptions,” says 


* www.radiocarbon.LDEO.columbia.edu 
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Christopher Charles of the Scripps Institu- 
tion of Oceanography in San Diego, Cali- 
fornia, who used Fairbanks’s curve to date 
deep-sea sediments and counts himself 
among the satisfied customers. Archaeolo- 
gist John Hoffecker of the University 
of Colorado, Boulder, whose team recently 
used the Fairbanks curve to calibrate dates 
earlier than 40,000 years ago at the site 
of Kostenki in Russia, says that despite 
the controversy he was “reassured by 
Fairbanks’s reputation.” 

Despite this acrimonious debate, how- 
ever, there are signs that the community— 
and at least some of the data—might now 
be pulling together. At last April’s 19th 
International '*C Conference in Oxford, 
U.K., earth scientist Konrad Hughen of 
Woods Hole Oceanographic 
Institution in Massachusetts, 
leader of the Cariaco Basin 
team, presented revised data 
that seemed to close much 
of the gap with Fairbanks’s 
coral dates. “They are now 
getting very close,” says 
Manning, although Fairbanks 
points out that “Hughen’s 
Cariaco Basin data set 
shifted closer to our coral 
data ... and not the other 
way around.” 

And whereas the Euro- 
pean tree-ring record goes back only 12,400 
years, a paper presented at Oxford by Chris 
Turney of the University of Wollongong in 
Australia suggests that such records may be 
pushed back even to the 50,000-year limit. 
Turney and colleagues have been radiocar- 
bon-dating fossil kauri trees—which can 
live up to 1000 years—from swamps in 
New Zealand. The dates stretch back 
55,000 years and hold out the promise of a 
new terrestrial calibration source that could 
help reconcile some of the uncertainties in 
the marine records. “This would resolve a 
lot of issues,” Reimer says, “although it will 
take a lot of work.” Nevertheless, radiocar- 
bon experts are optimistic that the 50,000- 
year barrier will soon be reached. “I foresee 
that in 10 years it will all be solved,” says 
van der Plicht. 

If so, the revolutionary promise that 
Libby and his colleagues first glimpsed in 
the sewers of Baltimore may soon become 
reality. And we may end up with a much bet- 
ter idea of when and why the creators of the 
Grotte Chauvet’s glorious artworks came to 
France—and what the weather was really 
like when they ventured outside. 

—MICHAEL BALTER 
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A Stressful Situation 


When unfolded proteins amass, they stress the cell’s endoplasmic reticulum. This ER 
stress is now being linked to diabetes, cancer, neurodegeneration, and other ills 


Even the most quality-conscious automaker 
occasionally rolls a defective car off the assem- 
bly line. Cells have a similar problem when it 
comes to manufacturing proteins. It’s a com- 
plicated task and things can go 
wrong. Protein synthesis involves a 
lot more than stringing amino acids 
together in the right order. To func- 
tion correctly, each linear strand of 
amino acids has to fold into just the 
right three-dimensional shape and 
may also have to be modified by 
addition of sugars or other acces- 
sory molecules. 

Like any good automaker, cells 
synthesizing proteins have mecha- 
nisms to maintain quality. Recently, 
cell biologists have learned a great 
deal about how the cell manages 
this quality control for the protein 
assembly line located within a con- 
voluted network of membranous 
tubes known as the endoplasmic 
reticulum (ER). Roughly one-third 
of the cell’s proteins, mainly those 
that end up in cellular membranes 
or are secreted to the outside, are 
made in the ER. 

Researchers have shown that the 
ER membrane contains three sepa- 
rate sensor molecules that respond 
when excessive amounts of unfolded proteins 
build up inside. This can happen with mutant 
proteins, such as the ones that cause hereditary 
Alzheimer’s and Parkinson’s disease. But it can 
also occur under more normal conditions if for 
some reason proteins are synthesized faster 
than they can fold and be modified. To alleviate 
this “ER stress,” the sensors trigger a series of 
signaling pathways that shut down the synthe- 
sis of most proteins while turning up the pro- 
duction of those needed for protein folding 
and degradation. 

This so-called unfolded protein 
response (UPR) is intended to protect the 
cell, but it’s not foolproof. Sometimes, for 
example, the UPR can’t eliminate the 
abnormal protein buildup in the ER. In that 
event, prolonged activity of the UPR may 
trigger cell death and may thus contribute 
to the neuronal loss of Alzheimer’s, Parkin- 
son’s, and other neurodegenerative dis- 
eases. And the UPR may even backfire by 
protecting the cells of cancerous tumors 


from the lack of oxygen and nutrients they 
experience as tumors grow. 

In addition to cancer and neurodegenera- 
tion, ER stress and the UPR have been linked 


“The field is expanding so much 
in terms of mechanism and 
relevance to disease. ... It's just 
popping up everywhere. ” 


—Randal Kaufman, University of 
Michigan Medical Center 


to several other common human ills, includ- 
ing diabetes and heart disease. In fact, the 
research has already suggested a new way to 
guide breast cancer therapy and hinted at a 
novel drug treatment for diabetes. “The field 
is expanding so much in terms of mechanism 
and relevance to disease. ... It’s just popping 
up everywhere,” says cell biologist Randal 
Kaufman of the University of Michigan 
Medical Center in Ann Arbor. 


Identifying the players 
Researchers are starting to find so many dis- 
ease links at least partly because they now have 
a solid understanding of the molecular under- 
pinnings of the ER stress system. “Most of the 
major components of the signaling apparatus 
have been ironed out,” says Linda Hendershot 
of St. Jude Children’s Research Hospital in 
Memphis, Tennessee. 

Cell biologists got their first glimpse of 
ER stress and the UPR in the late 1980s when 
a group led by Kaufman and another led by 


Joseph Sambrook of Cold Spring Harbor 
Laboratory on New York’s Long Island inde- 
pendently noticed that accumulation of 
unfolded proteins in the ER led to increased 
activity of a group of genes already known to 
turn on when glucose concentrations are high. 
The products of some of these so-called glu- 
cose regulated protein (GRP) genes are 
involved in protein folding, so it seemed as 
though the ER was trying to resolve its 
backup by turning up their synthesis. 

The researchers then wanted to know how 
unfolded proteins in the ER signal to the 
genes in the nucleus. In the early to mid- 
1990s, three proteins located in the ER mem- 
brane were found to be the key sensors. The 
first to be identified 
was a protein called 
IREI that was link- 
ed to the UPR in 
yeast by Peter Walter 
of the University 
of California, San 
Francisco (UCSF), 
and by Kazutoshi 
Mori, who was then 
working in Sambrook’s lab. This protein is 
an enzyme that can cut RNAs—an activity 
that turned out to be crucial to its gene- 
regulating function. 

The researchers found that when unfolded 
proteins clutter the ER, IRE] cuts a segment 
out of the messenger RNA (mRNA) that 
directs the synthesis of a yeast protein called 
HAC. Another enzyme then rejoins the two 
end pieces, producing a shorter mRNA but a 
longer HAC protein due to a shift in the way 
the mRNA is translated. HAC is a transcrip- 
tion factor that activates GRP genes and oth- 
ers involved in protein folding, and the longer 
version does this much more effectively than 
the original one. 

Altering the splicing of a transcription fac- 
tor’s mRNA was a novel way of regulating 
gene expression. “We had an absolutely won- 
derful time,” Walter recalls. “Every leaf we 
turned over revealed something new.” The 
mechanism wasn’t unique to yeast. A few 
years later, Kaufman’s team and also that of 
David Ron at New York University School of 
Medicine in New York City showed that mam- 
malian cells have their own versions of IRE 
that work on the mRNA for a transcription fac- 
tor called Xbp1. 

At about the same time, Ron’s group and 
other researchers identified a protein called 
PERK as a second ER stress sensor. PERK is 
one of the cell’s many kinase enzymes. Once 
activated, it adds a phosphate group to a pro- 
tein called e[F2a, which normally helps initi- 
ate the translation of mRNAs into proteins. 


Double-edged sword. 
Buildup of unfolded 
proteins in the ER, shown 
here in green with blue 
ribosomes, triggers a 
series of responses that 
are intended to protect 
cells but which can misfire 
and cause disease. 


15 SEPTEMBER 2006 VOL313 SCIENCE www.sciencemag.org 


CREDIT: VISUALS UNLIMITED/CORBIS 


ILLUSTRATION: PRESTON HUEY/SCIENCE, ADAPTED FROM ZHAO AND ACKERMAN, CURRENT OPINION IN CELL BIOLOGY 18 (2006) 


PERK’s phosphorylation blocks eIF2a’s func- 
tion, thus helping alleviate ER stress by shut- 
ting down the production of most proteins. 

Finally, Mori’s group, now at the University 
of Kyoto, Japan, identified ATF6 as the third 
ER stress sensor. When unfolded proteins 
amass, protease enzymes split off a segment of 
ATF6, and this fragment travels to the nucleus, 
where it helps activate protein-folding genes. 

PERK, IRE, and ATF6 may be able to 
sense unfolded proteins both indirectly and 
directly. In the absence of ER stress, binding 
of a regulator protein called BiP/GRP78 keeps 
them in check. Unfolded proteins can essen- 
tially pull off the BiP/GRP78, freeing the 
three sensors to trigger the UPR. In addition, 
recent structural studies of IRE1 by Walter 
and Robert Stroud, also at UCSE suggest that 
this protein has a deep groove that may enable 
it to bind unfolded proteins directly. 


Diabetes culprit? 

Once researchers identified the major genes 
for the ER stress sensors and other components 
of the UPR, they could manipulate the genes to 
see how they affect development and health in 
animals. A possible diabetes connection 
quickly became apparent. The first indication 
came in 2000 when Cécile Julier’s team at the 
Pasteur Institute in Paris found that Wolcott- 
Rallison syndrome, a rare human hereditary 
disease whose symptoms include infancy- 
onset diabetes, is caused by mutations that 
inactivate PERK. When Ron and his col- 
leagues subsequently knocked out the gene in 
mice, the animals also became diabetic shortly 
after birth because their insulin-producing beta 
cells malfunctioned and died. 

Further evidence that the PERK arm of 
the UPR is needed for normal beta-cell func- 
tion came from Kaufman and his colleagues. 
They produced mice with a mutation in one 
copy of the gene for PERK’s target. The 
defect prevents eIF2a from being phosphory- 
lated by the kinase. 

The Michigan team showed that on a high- 
fat diet, the mutant mice became much more 
obese than did normal animals. The mutants 
also developed diabetes. Examination of the 
animals’ beta cells revealed a swollen ER, 
apparently full of unfolded proteins including 
insulin, which the cells no longer secrete nor- 
mally. “Compromise of the protein-folding 
environment is especially detrimental to the sur- 
vival and function of beta cells,’ Ron concludes. 

Whether mutations in PERK pathway con- 
stituents are a common cause of diabetes in 
humans is currently unclear, but the beta-cell 
failure in Wolcott-Rallison syndrome as well as 
the diabetes of mice with PERK pathway 
defects is reminiscent of type 1 diabetes, which 
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usually occurs in childhood as a result of the 
death of the beta cells and the consequent loss 
of insulin production. 

Recent evidence from Gékhan Hotamis- 
ligil, Umut Ozcan, and their colleagues at Har- 
vard School of Public Health in Boston has 
also linked ER stress and the UPR to type 2 dia- 
betes, which develops because the patients’ 
cells become unable to respond to insulin. Obe- 
sity is a major risk factor for type 2 diabetes, 
although how it leads to the disease has been a 
mystery. But Hotamisligil says he realized a 
few years ago that a variety of conditions 
linked to obesity, including lipid accumulation, 
high demand for protein synthesis, and glucose 
deprivation, can trigger ER stress. 

To find out whether such stress might be 
involved in type 2 diabetes, the Harvard work- 
ers turned to the ob/ob strain of mice. The ani- 
mals, which are genetically obese because they 
lack an appetite-regulating hormone called 
leptin, develop an insulin-resistant form of the 
disease. In work published about 2 years ago, 
Hotamisligil and his colleagues found that fat 
and liver cells from the animals produce 
increased amounts of several proteins involved 
in ER stress responses (Science, 15 October 
2004, p. 457). “All branches of the UPR are 
activated,’ Hotamisligil says. 
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Ron and his colleagues had previously 
shown that one result of IRE1 activation is 
increased activity of a kinase called JNK. And 
JNK, the Harvard team found, phosphorylates 
one of the cell’s insulin receptors, rendering it 
unresponsive to the hormone—a change that 
could account for the development of insulin 
insensitivity in ob/ob mice. Consistent with 
that, the researchers found that they could pre- 
vent development of insulin resistance in both 
ob/ob cells and in living mice by blocking 
TRE1 or JNK action. 

More recently, Hotamisligil and his 
colleagues showed that treatments that relieve 
ER stress can even reverse already-established 
diabetic changes in the mutant mice (Science, 
25 August, p. 1137). For these experiments, 
they gave the animals either of two small- 
molecule drugs that were developed for treat- 
ing other conditions but which can promote 
protein folding in the ER. Within 4 days, insulin 
sensitivity in the animals returned, and their 
previously high blood glucose concentrations 
dropped to normal. “The results were quite 
spectacular—more than we expected,” 
Hotamisligil says. 

Although the drugs are not widely used, 
the U.S. Food and Drug Administration has 
already approved both for certain liver dis- 
eases and hereditary disorders of 
the urea cycle, the cell’s waste- 
management system. Thus, they 
are candidates for clinical testing 
as diabetes therapies. Christopher 
Newgard, a diabetes expert at 
Duke University School of Medi- 
cine in Durham, North Carolina, 
describes the Hotamisligil team’s 


CYTOPLASM results as “compelling and excit- 
General ©) ing.” It’s too soon to tell, how- 
translation aay ever, whether the drugs will 
blocked Greg ve Has have unwanted side effects if 
mRNA splicing ; : 
| given to the large population of 
Reduced protein diabetes patients. 
synthesis 

Cancers’ friend 
| " | Type 2 diabetes is not the only dis- 
ease that may be fostered by the 
soetie XBP1, HAC cell’s efforts to protect itselfagainst 


UPR target genes 


The three sensors. When unfolded proteins in the ER pull the 
regulator BiP/GRP78 off the sensor proteins PERK, IRE1, and 
ATF6, they send signals into the nucleus that trigger the unfolded 
protein response. As a result, synthesis of most proteins gets 
turned off, while the cell makes more of those proteins needed for 


protein folding and destruction. 


ER stress. Recent results also put 
cancer in that category. 

Cancer cells are subject to 
ER stress because a tumor can 
grow faster than its blood supply, 
thus leaving its cells short of oxy- 
gen and nutrients. Exactly how that 
leads to ER stress is unclear, but the 
nutrient deficiency may rob tumor 
cells of the energy they need for 
protein folding and the glucose 
needed to add the sugars to their 
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proteins. But whatever the cause, Hender- 
shot says, “the UPR seems to kick in. It’s pro- 
tective to the [cancer] cell—but detrimental 
to the host.” 

Some of the results linking cancer progres- 
sion to the UPR come from Constantinos 
Koumenis and his colleagues at Wake Forest 
University School of Medicine in Winston- 
Salem, North Carolina. Working with Bradley 
Wouters of the University of Maastricht in the 
Netherlands, they found that activation of the 
PERK branch of the UPR fosters tumor 
growth. For example, tumor cells in which the 
PERK gene had been knocked out grew very 
poorly, compared to cells that still contained 
the gene, when transplanted into mice. 

Similarly, Albert Koong and Lorenzo 
Romero-Ramirez of Stanford University in 
Palo Alto, California, and their colleagues 
showed that activity of the IRE1-XBP1 branch 
of the UPR is required for tumor growth. “If 
you block the UPR in any of these tumor sys- 
tems, the tumors grow slower and smaller,” 
says Koumenis, who recently moved to the 
University of Pennsylvania. And the effects are 
apparently not limited to experimental tumors 
in animals: Human tumors show increased 
expression of UPR 
system components, 
particularly in oxygen- 
starved areas. 

At least one of 
these components may 
help assess how breast 
cancers will respond to 
chemotherapy. About 
10 years ago, Amy 
Lee’s team at the 
University of South- 
ern California Keck 
School of Medicine in 
Los Angeles found 
that the UPR regulator 
BiP/GRP78 is needed 
for the growth of 
fibrosarcoma tumors 
implanted in mice. 
Further work by 
her group and others 
has shown that 
BiP/GRP78 levels in- 
crease as tumors, including human breast and 
lung cancers, grow. 

The protein may help cancer cells survive, 
Lee says, by inhibiting programmed cell death 
or apoptosis. Although a prolonged UPR can 
promote apoptosis, several groups, including 
Lee’s, have found that BiP itself is anti- 
apoptotic. They’ve shown that it interferes with 
caspase enzymes and other components of cell 
death pathways. 


This mode of operation may also help 
explain another cancer-friendly aspect of UPR 
activation. Cancers often develop resistance to 
the drugs and radiation used to treat them, and 
researchers, including Lee and Hendershot, 
have found that the UPR contributes to this 
resistance for some drugs, particularly those 
that work by triggering apoptosis. 

In the 15 August issue of Cancer Research, 
Lee and her colleagues report that it may be 
possible to use the BiP/GRP78 status of a 
patient’s breast cancer cells to guide her 
therapy. As expected from their previous 
results, the researchers found that about two- 
thirds of tumor samples obtained before the 
initiation of chemotherapy exhibited over- 
expression of the protein. 

Patients who had BiP/GRP78-positive 
tumors and were treated only with the drug 
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that this is related to ER stress. 


adriamycin, an apoptosis inducer, 
had a higher risk of relapsing 
than patients with negative 
tumors. “We found that we can use 
this marker as a predictor of 
chemotherapy resistance in breast 
cancer,” says Lee. 

The situation is complicated, 
however, because in other cases the UPR 
may actually increase sensitivity to 
chemotherapeutic drugs. For example, Lee 
and her colleagues found that patients who 
took both taxane and adriamycin and had 
BiP/GRP78-positive tumors fared better 
than those whose tumors did not overexpress 
the protein. “We need some hard research to 
understand when UPR activation is good 
and when it is bad,’ Hendershot says. 


Path to diabetes. A mouse (bottom) with a mutation 
affecting the PERK pathway becomes much fatter when 
fed a high-fat diet than a normal mouse (top) does and 
also develops diabetes. The greatly enlarged ER of 
the mutant animal’s beta cells (bottom micrograph), 
compared to that of normal beta cells (top), suggests 


A stressed brain 

Neurobiologists are facing a similar issue. 
Many of the most common and devastating 
neurodegenerative diseases, including 
Alzheimer’s, Parkinson’s, and Huntington’s, 
are characterized by the accumulation and 
aggregation of misfolded proteins. Not sur- 
prisingly then, numerous researchers have 
found evidence that the UPR is turned on in 
these conditions. 

Studies of both human brain samples taken 
at autopsy and the brains of mice that have been 
genetically engineered to mimic the diseases 
have revealed increased expression of various 
components of the UPR pathways. “Everyone 
pretty much agrees that [the UPR] is activated” 
in Alzheimer’s and other neurodegenerative 
diseases, says neurobiologist Dale Bredesen of 
the Buck Institute for Age Research in Novato, 
California, whose group is 
among those doing the work. 

But that activation may 
ultimately do more harm than 
good. If the UPR fails to 
resolve the ER stress that the 
patients’ brain neurons are 
experiencing, its sustained 
attempts may contribute to 
the progression of the dis- 
eases by triggering apoptosis 
in the cells. “The initial 
response is protective, but the 
late response is destructive,” 
Bredesen says. 

Exactly how the UPR sets 
the cell on the road to apopto- 
sis remains one of the big mys- 
teries of the field, however. 
Neurobiologists have come up 
with some leads. For example, 
Bredesen’s team and others 
have fingered caspase 12 as a 
possible link. Treatments that 
induce ER stress lead to increased activity of 
this enzyme, which is among those that bring 
about the final destruction of cells under- 
going apoptosis. The work was done with 
mouse models, however, and it’s unclear 
whether something similar occurs in the 
human diseases. 

Researchers would like to get a better 
handle on how the UPR triggers apoptosis, as 
that might provide new targets for drug ther- 
apies. The fact that the UPR can be helpful in 
some situations and harmful in others could 
complicate such a drug development effort, 
however. Maintaining quality control on the 
cell’s protein assembly line looks to be a 
great deal more difficult than the problems 
car manufacturers face. 

—-JEAN MARX 
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The Galapagos Islands Kiss Their 
Goat Problem Goodbye 


The world’s largest eradication campaign has virtually rid an ecological wonderland 
of feral goats, a devastating invader. Next in the crosshairs: cats and rats 


SANTA CRUZ, GALAPAGOS ISLANDS—Rachel 
Atkinson hops like a Darwin finch from one 
volcanic outcropping to the next, then plunges 
into ankle-deep mud. Squishing as she walks, 
the botanist with the Charles Darwin Research 
Station homes in on the ailing invaders: black- 
berry, passion fruit, and quinine bushes clus- 
tered near Santa Cruz Island’s last shrubby 
stands of Scalesia trees. Atkinson smiles in 
approval. One more blast of herbicide ought to 
prevent the aliens from regrowing and give the 
Scalesia a shot at survival after all. 

Atkinson’s search-and-destroy mission is 
part of an ambitious 6-year, $18 million 
Global Environment Facility (GEF) effort by 
the station and Galapagos National Park to 
turn the tide against invasive species in the 
Galapagos Islands, the fragile crucible of life 
that inspired Charles Darwin to formulate his 
theory of evolution 150 years ago. The GEF 
grant runs until next year, but the results so far 
are stunning. A survey here last month has 
confirmed that enemy number one—the feral 
goat—has been virtually wiped off Isabela, 
Santiago, and Pinta islands. All told, some 
140,000 feral goats were slain in 5 years of the 
GEF-funded Project Isabela, the largest eradi- 
cation project ever undertaken. “A great battle 
has been won here,” says Victor Carrion, sub- 
director of the park. 

Although one bane has been eliminated, 
others are at large. In northern Isabela, rats 
have ravaged the last two nesting sites of 
mangrove finches, estimated at fewer than 
100. And both rats and feral cats have deci- 
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mated a subspecies of marine iguana 
(Amblyrhynchus cristatus albemarlensis) 
endemic to Isabela, prompting the World 
Conservation Union to add it to its vulnerable 
list in 2004. Rangers have set out traps and 
poison for Isabela’s rats and are plotting erad- 
ication campaigns on Floreana and Santiago 
islands. An effort to poison feral cats will 
commence next year. 

The Galapagos have been under siege ever 
since pirates and whalers began visiting the 
archipelago in the 1700s and leaving behind 
goats, pigs, and other animals as a living larder 
for future visits. But it wasn’t until the late 
1980s that the goat population suddenly started 
booming, possibly due to El Nifio—driven 
changes in vegetation patterns. Godfrey 
Merlen, a Galapagos native and director of 
WildAid, says he saw “two or three” goats on 
the upper flanks of Isabela’s Alcedo volcano in 
1992. When he returned 3 years later, he saw 
hundreds. “It was total chaos,” Merlen says. 
The goats had denuded the once-lush terrain, 
transforming brush and cloud forests into 
patchy grassland. 

Ecological shock waves rippled across 
Isabela. The highlands had served as a safe 
haven for species such as the giant tortoise. 
“We saw many more tortoises falling into the 
volcanic craters,” trying to reach feeding 
grounds or because of erosion, says Carrion. 
“Being a baby tortoise is hard enough,” adds 
Thomas Fritts, past president of the Charles 
Darwin Foundation. “Competing with vora- 
cious herbivores is an extra challenge.” 
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Park rangers quickly cottoned on and 
started slaying the goats in 1995. They had 
eradicated a much smaller population from 
Espafiola Island in the 1970s. But with tens of 
thousands of goats on northern Isabela alone, 
officials knew they needed a novel approach. 
In 2000, GEF agreed to bankroll an antigoat 
operation as long as it was part of an effort 
to tackle invasive species across the board 
(Science, 27 July 2001, p. 590). 

Goats were still top priority. The park 
imported hunting dogs from New Zealand and 
trained them to track and kill goats. Helicopters 
were pressed into service for sharpshooters to 
reach rugged highlands. To flush out the last 
feral holdouts, the park released “Judas” goats, 
including sterilized females plied with hor- 
mones to keep them in heat and attract males. 
The last feral goat in northern Isabela was shot 
in March. Hunters have also purged pigs from 
Santiago and donkeys from both islands. 

Local scientists say native plants are 
already bouncing back. Seedlings of Scalesia 
and soldierbush are sprouting on Alcedo. And 
on Santiago, cat’s claw and Galapagos guava 
are thriving, providing nesting grounds for the 
secretive Galapagos rail. 

One looming threat is microbial invaders. 
“What can cause far greater and permanent 
damage are the small introduced species [such 
as] West Nile virus, now in Colombia, a stone’s 
throw away from Galapagos,” says Merlen. In 
a paper in the August issue of Conservation 
Biology, Marm Kilpatrick of the Consortium 
for Conservation Medicine in New York City 
and colleagues concluded that West Nile 
virus—ridden mosquitoes could easily hitch a 
ride on a commercial jet from mainland 
Ecuador. “The Galapagos has been very lucky 
so far, but it’s just a matter of time,” says Simon 
Goodman of the University of Leeds in the 
UK., an author of the paper. He says that West 
Nile virus could inflict the sort of damage in 
the Galapagos that avian malaria did in Hawaii 
in 2004, when it drove a honeycreeper 
(Melamprosops phaeosoma) to extinction. 
Galapagos officials pledge to remain vigilant 
and point to the establishment in 2003 of a 
molecular pathology lab on Santa Cruz funded 
by the U.K.’s Darwin Initiative. 

To avoid ceding hard-won breathing room 
for native species, the park and research station 
plan to set up a $15 million fund for ongoing 
eradication efforts. In the meantime, they are 
stepping up efforts against invasive plants and 
gearing up for the cat-and-rat blitzkrieg. 
Unless these and other unwelcome visitors go 
the way of the goats, warns Carrion, “the worst 
may be yet to come.” 

-JERRY GUO 
Jerry Guo is a freelance writer in New Haven, Connecticut. 


15 SEPTEMBER 2006 


1567 


CREDITS (TOP TO BOTTOM): ANDRE SOUROUJON; CARLA ELLIS/UCS; NATIONAL INSTITUTES OF HEALTH; THE OPEN UNIVERSITY 


COUNT THOSE BEATS. Modern jazz can 
be as complex as an exotic mathemati- 
cal problem. But saxophonist Rudresh 
Mahanthappa’s music is inspired by 
math itself. 

The New York—based jazz composer’s 
latest album, Codebook, conveys ele- 
ments of number theory and cryptog- 
raphy in musical form. In some pieces, 
concepts such as the Fibonacci sequence— 
an infinite set of integers created by 
adding the last two numbers in the 
series—serve as the basis of the rhythm 
and melodies. In others, mathematical 
ideas dictate the evolution of the score. 
Encoded throughout the music are the 
names of the band members and famous 
jazz melodies. 

“Math has always been at the core of 
what I do,” says Mahanthappa, 35, who 
has been fascinated by math from an 
early age. He has made a name for him- 
self by blending jazz with the complex 
rhythms of Indian classical music. Adding 
a mathematical component was an even 
bigger challenge. “Translating an idea 
from number theory or cryptography to 
music doesn’t automatically yield any- 
thing that’s playable or that sounds good,” 
says Mahanthappa. 

“He proves, by using musical notes, 
what mathematicians have always 
believed: that math is beautiful,” says 
Princeton University mathematician 
Manjul Barghava, himself an acclaimed 
player of the tabla, an Indian percussion 
instrument. Codebook will be available 
from Pi Recordings on 26 September. 


Got a tip for this page? E-mail people@aaas.org 
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Carla Ellis hadn't car- f iH 
tooned regularly since a is > 
her undergraduate i a oe 
days in the 1960s. But. |-~ \ <a 
a contest put on by the 
Union of Concerned 


Scientists to highlight 

what the advocacy group sees as the increasing 
U.S. government manipulation of research 
inspired the Duke University computer scientist 
to sharpen her pencil. “My cartooning is kind of 
a secret,” says Ellis, who is especially concerned 
about “censorship” at the Environmental 
Protection Agency and Food and Drug 
Administration. Ellis is one of 12 finalists vying 
for the $500 prize. The White House Office of 
Science and Technology Policy had no comment 
on the contest. 


DEATHS 

DEVOTED. Mental health researchers and 
practitioners are in shock over the murder of 
Washington, D.C.—area psychiatrist Wayne 
Fenton on 3 September. Fenton, 53, was 
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allegedly beaten to death in his office by a 
patient, 19-year-old Vitali A. Davydov, who 
was suffering from symptoms of both bipolar 
disorder and schizophrenia. 

Fenton was director of the division of 
adult translational research and treatment at 
the National Institute of Mental Health 
(NIMH) and associate director of clinical 
affairs. NIMH psychiatrist Husseini Manji says 
Fenton was “very instrumental in trying to 
get treatment studies under way” for both 
schizophrenia and bipolar disorder, which 
“he viewed as the cancers of mental illness.” 
In addition to his full-time job, Fenton spent 
evenings and weekends seeing patients, most 
of whom were “very 
ill,” Manji says. 
“Everyone's absolutely 
devastated. Wayne was 
one of those decent, 
decent good guys who 
goes out of his way to 
help people. ... Maybe 
[the murder] will raise 
awareness of how bad 
these illnesses are.” 


FACE OF SCIENCE. It’s not quite a labs-to-riches story, but physicist Kathy Sykes has gone from being 
a Bristol University postdoc to being one of the U.K.’s best known advocates of science. Last week 
Sykes, now professor of public engagement in science and technology and part-time TV personality, 
won the $19,000 Kohn Prize from the Royal Society for enhancing public understanding of science. 

After earning a Ph.D. studying biodegradable plastics, Sykes cut her popularizing teeth as head 
of science at Explore@Bristol, a hands-on science museum. She appeared on the BBC’s Rough 
Science and initiated the Cheltenham Science Festival and FameLab, a nationwide talent competi- 
tion in which researchers have 3 minutes to talk 
about science. In 2002, her alma mater made 
her the youngest university professor in the 
United Kingdom. 

As a pillar of academic life, Sykes is trying to ~ 
improve how the university relates to the city | 
around it. She’s organized community events to 
discuss the impact of drugs on the brain and 
behavior and an interactive science exhibit in a 
local shopping mall. 


BIG MONEY. Researchers in plant science and astronomy are among the winners of this year’s prizes 
awarded by the International Balzan Foundation in Milan, Italy. 

Elliot Meyerowitz of the California Institute of Technology and Chris Somerville of Stanford 
University share $800,000 for their work on establishing Arabidopsis as a model organism. Paolo de 
Bernardis of the University of Rome “La Sapienza” and Andrew Lange of the California Institute of 
Technology share another $800,000 for their role in the Boomerang Antarctic Balloon experiment, 
which mapped background cosmic radiation left over from the big bang. The foundation has also 
awarded humanities prizes to musicologist Ludwig Finscher of the University of Heidelberg in 
Germany and to political scientist Quentin Skinner of the University of Cambridge in the U.K. 
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Cuts in Homeland Security 
Research 


IS IT TIME FOR CONGRESS TO REDUCE ITS COMMITMENT TO RESEARCH 
related to the U.S. Department of Homeland Security (DHS)? Your 
article “Congress dials back research on understanding terrorism” 
(Y. Bhattacharjee, News Focus, 4 Aug., p. 610) states, “senators 
would prohibit DHS from funding any center for more than 3 years.” 
Such a mandate is unprecedented, and we are concerned that this provi- 
sion could result in the arbitrary termination of valuable and productive 
research centers. 

The nation is threat- 
ened not only by terror- 
ism but also by natural 
disasters such as major 
hurricanes and earth- 
quakes, as well as inten- 
tional or naturally occur- 
ring disease outbreaks. 
The DHS-sponsored Uni- 
versity Centers were selected through a competitive, merit-based 
process to meet specific needs for long-term research capabilities. The 
centers—with their network of university, industry, and government 
partners throughout the country—are a mechanism to ensure that fun- 
damental research relevant to DHS is conducted and that the knowl- 
edge gained rapidly reaches policy-makers and first responders. 


“[T]his provision could 
result in the arbitrary 
termination of valuable 
and productive research 


centers.” 
—Busta et al. 


Death in Darfur 
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The federal effort has been modest: $62 million in fiscal year 
(FY) 2006 and only $52 million requested for FY 2007. That is 
about what the United States spends on the space program in just 
2 weeks each year. The “oldest” DHS University Center is just over 
2 years old. It is unreasonable to expect that in 3 years, we would be 
able to walk away from this mission, just as we would not expect suc- 
cess in sucha short period of time for the fundamental research required 
to develop a new vaccine or any other new technology. 

Moreover, any university participating in the DHS Centers program 
would be unable to receive support beyond the 3-year limitation, pro- 
hibiting future participation in the program by nearly 80 partner univer- 
sities in 30 states. The Senate’s language on this issue would undermine 
akey portion of the nation’s research and education enterprise related to 
the nation’s homeland security interests and should be reversed. 

FRANCIS BUSTA,* NEVILLE CLARKE,” LYNN R. GOLDMAN,? CHARLES HAAS,* 

GABOR KELEN,? GARY LAFREE,* JOAN ROSE,® DETLOF VON WINTERFELDT’ 


Director, National Center for Food Protection and Defense (NCFPD), University of 
Minnesota, 925 Delaware Street SE, Suite 200, Minneapolis, MN 55455, USA. 2Director, 
National Center for Foreign Animal and Zoonotic Disease Defense (FAZD), Texas A&M 
University, 1500 Research Parkway, Suite 100 A, College Station, TX 77843, USA. 3Co- 
Director, National Center for the Study of Preparedness and Catastrophic Event Response 
(PACER), Johns Hopkins University, Davis Building, Suite 3220, 5801 Smith Avenue, 
Baltimore, MD 21209, USA. “Co-Director, Cooperative Center: Center for Advancing 
Microbial Risk Assessment (CAMRA), Drexel University, Department of Civil, Architectural 
and Environmental Engineering, Philadelphia, PA 19104, USA. *Director, National Center 
for the Study of Terrorism and Responses to Terrorism (START), University of Maryland, 3300 
Symons Hall, College Park, MD 20742, USA. °Co-Director, Cooperative Center: Center for 
Advancing Microbial Risk Assessment (CAMRA), Michigan State University, 301 Manly Miles 
Building, 1405 South Harrison Road, East Lansing, MI 48823, USA. ’Director, Center for 
Risk and Economic Analysis of Terrorism Events (CREATE), University of Southern California, 
RGL 313 University Park, Los Angeles, CA 90089, USA. 
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Public Access Success 
at PubMed 


IN THEIR LETTER “PUBLIC ACCESS FAILURE AT 
PubMed” (7 July, p. 43), M. Stebbins eg al. 
chronicled the failure of the voluntary NIH pol- 
icy to provide open access copies of primary 
research articles at PubMed Central (PMC). 
The value of open access publishing has 
been touted as providing access to articles 
for the general public, whose tax dollars 
often pay much of the cost of the research. 
Stebbins ef al. suggest that there has been a 
“Jack [of] a demonstrated desire by the gen- 
eral public for access to primary research 
papers.” If this is correct, one might ask 
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from where the “push” for open access is 
coming. In my opinion, this conflict has 
largely been between scientists and librari- 
ans, who feel that publishers are reaping 
large, unjustified profits from publicly 
funded research, and publishers (both for- 
profit and not-for-profit), who argue that the 
“value added” by the peer review system 
justifies their charges. 

Largely overlooked in this conflict is the 
longstanding success and enduring value 
of PubMed. Distinct from PMC, PubMed 
(www.pubmed.gov) is a database of the 
abstracts of millions of scientific publica- 
tions. Abstracts are posted at the time 
of publication. Virtually all biomedical 
research, whether publicly or privately 


funded, is included. Members of the gen- 
eral public who have an interest in a disease 
or any other biomedical issue can easily 
search PubMed to read synopses of cut- 
ting-edge research. 

I suggest that one reason for the public’s 
“lack of demonstrated desire” for primary 
research articles is their ready access to 
research information at PubMed and other 
authoritative sources on the Internet. Before 
mandating a costly and confusing parallel 
publication system at PMC, we should be 
sure that the resource already provided by 
USS. taxpayer dollars at PubMed is not meet- 
ing the public’s need for information. 

DAVID C. BEEBE 
Janet and Bernard Becker Professor of Ophthalmology and 
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Visual Sciences, Professor of Cell Biology and Physiology, 
Campus Box 8096, Washington University, St. Louis, MO 
63110, USA. E-mail: beebe@wustl.edu 


Support for the NIH Public 
Access Policy 


IN THEIR LETTER “PUBLIC ACCESS FAILURE AT 
PubMed” (7 July, p. 43), M. Stebbins eg al. 
express a skeptical view of the NIH public 
access policy, basing their critique on sev- 
eral misconceptions that deserve comment. 

1) Is the policy too costly? The current 
NIH appropriation is $27.9 billion. The 
$3 million anticipated yearly cost of the 
public access policy represents 0.011% of 
the appropriation. In fact, the expenditure 
on public access is dwarfed by the $30 mil- 
lion annually that NIH reports it provides its 
funded investigators for page charges and 
other costs of publishing in subscription 
journals (/). 

2) Stebbins et al. claim that there is a lack 
of “a demonstrated desire by the general 
public for access to primary research 
papers.” Usage statistics for PubMed Cen- 
tral (PMC) the NIH database that provides 
full-text research articles to the public for 
free and serves as the repository for articles 
submitted under the public access policy— 
suggest otherwise. There were more than 
5 million users of PMC in April. That level 
of use suggests that not only are working 
scientists taking advantage of the resource, 
students and the lay public are as well. 
There is surely usage from junior colleges, 
research institutes, small companies, and 
many other organizations that do not have 
large budgets for biomedical research jour- 
nal subscriptions. 

3) The public access policy is criticized 
because there is “no dedicated system to 
guarantee that corrections” can be made 
after publication. Substantive author correc- 
tions or retractions are often made by the 
subsequent publication of errata or retrac- 
tion notices. The National Library of 
Medicine has an established system that 
ensures that any published errata or retrac- 
tions are noted in the PubMed citation and 
PMC full-text articles include a link (2). 

4) Stebbins et al. claim that many 
reviews and commentaries are found in 
PMC, in apparent violation of the public 
access policy, which applies to “final, peer- 
reviewed manuscripts and publications that 
result from research supported, in whole or 
in part, with direct costs from NIH” (3). 
Since articles that appear to be reviews or 
commentaries are often peer-reviewed and 
include descriptions of original research, 


NIH has wisely left the decision of what falls 
within the scope of the policy to the grantee. 

5) Articles made available through PMC 
would not represent “prior art” for pur- 
poses of patenting, since NIH only posts 
the author manuscripts after the articles 
have been released by the journals in which 
they are published. 

6) Stebbins et al. claim that the proposed 
Federal Research Public Access Act (S.2695) 
requiring federal agencies to implement a 
public access policy has drawn criticism 
because it “unfairly places scientists between 
funding agencies and publishers.” Actually, 
organizations that have a financial stake in 
publishing are the main source of opposition 
to the policy and to $.2695. Scientists submit 
articles without compensation, they carry out 
peer review usually without compensation, 
and they often serve as editors for little or no 
compensation. Publishers make huge profits 
from this business model based on free labor. 
Because of the unsupported concern that the 
public access policy would adversely affect 
their business interests, they use their politi- 
cal and economic clout to lobby for restricted 
access, which is detrimental to the profes- 
sional interests of the scientists that they 
claim to be serving. 

One of us has submitted several articles 
to PMC under the public access policy. The 
process was quick and painless and allowed 
the articles to achieve greater readership. 
If participation by NIH grantees becomes 
mandatory, the policy will have a significant 
beneficial impact on biomedical science by 
making a large body of the research litera- 
ture available without access barriers. 
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Ongoing Controversy over 
Debye's WWII Role 


IN AN ARTICLE ENTITLED “BLOCKING A BOOK, 
Dutch university rekindles furor over 


Nobelist Debye” (News of the Week, 30 
June, p. 1858), M. Enserink reports on a 
controversy over the name of a research 
institute at Utrecht University. Blocking a 
book is a serious matter, so it is fortunate 
that this is not correct. 

Earlier this year, Utrecht University 
decided to remove the name of Peter Debye 
from a research institute. This decision 
was prompted by a publication on Debye’s 
role before and during World War II (7) 
(“Fallen from grace,’ Newsmakers, 3 Mar., 
p. 1239). One of the facts is that Debye, as 
president of the German Physical Society, 
asked Jewish members to resign in a 
1938 letter signed “Heil Hitler.” Utrecht 
University felt that the new facts were 
incompatible with the continued use of the 
Debye name. The research institute in 
question gathered information for inde- 
pendent scientific research on Debye’s 
role, to be conducted by an agency such as 
the Netherlands Institute for War Docu- 
mentation (NIOD). The managing director 
of the former Debye Institute, Gijs van 
Ginkel, who is not a historian, added a 
personal judgment to the gathered infor- 
mation about Debye and the university’s 
decision, without hearing both sides of 
the case. As a result, the text contained 
factual inaccuracies. 

The Executive Board of the university 
and the management of the research institute 
then decided to separate the information that 
had been gathered by the research institute 
from van Ginkel’s remarks. So this is not a 
case of the university blocking the publica- 
tion of a book. 

THE EXECUTIVE BOARD OF UTRECHT UNIVERSITY 


Utrecht University, 3508 TC Utrecht, the Netherlands. 
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new fact upon which it based the decision to 
remove Debye’s name from the institute. 
However, the letter has been reproduced and 
discussed for many years, including in a 
paper published in 1988 (/—3). The term 
“blocking” seems justified in this case. Staff 
at the former Debye Institute had planned to 
publish a book in defense of Debye, but 
decided not to after what a university spokes- 
man described as a “pithy” conversation 
with the Executive Board. Institute staff 
have been banned from discussing the issue 
with the press. 

MARTIN ENSERINK 
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Bias About Climate Change 


SCIENCE'S BRITTLE AVERSION TO POLICY- 
makers who want to know more about cli- 
mate change was on full display in the 
28 July account of the U.S. House of 
Representatives hearing on the hockey stick 


theory (‘Politicians attack, but evidence for 
global warming doesn’t wilt,” R. A. Kerr, 
News of the Week, p. 421). 

Kerr refers to Committee Chairman Joe 
Barton’s request for independent statistical 
analysis of the hockey stick theory not as a log- 
ical step, but as “a highly unusual move.” And 
didn’t everybody just hate how he “bore down” 
on the National Academies’ panel’s chairman? 
Thank goodness Gerald North “deflected the 
charge like an all-star hockey goalie.” 

The best that can be said of Kerr and his 
publisher, Alan Leshner, is that they don’t 
hide their biases. And they will have fur- 
ther opportunities for public display now 
that Congressman Barton has broached the 
idea of inviting experts at the National 
Research Council and the Government 
Accountability Office to get involved in 
the evaluation process. 

Lord only knows how Science will fault 
that, but in a place where the mere asking of 
questions is deemed a threat, you just know 
they will. 

LARRY NEAL 


Deputy Staff Director, House Energy and Commerce 
Committee, 2125 Rayburn House Office Building, Wash- 
ington, DC 20515, USA. 
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TECHNICAL COMMENT ABSTRACTS 


Comment ON “Large-Scale Sequence 
Analysis of Avian Influenza Isolates” 


Edward C. Holmes, David J. Lipman, Dmitriy 
Zamarin, Jonathan W. Yewdell 


Obenauer et al. (Research Articles, 17 March 2006, p. 
1576) reported that the influenza A virus PB1-F2 gene is 
evolving under strong positive selection, as documented by 
an extremely high ratio of the number of nonsynonymous 
nucleotide substitutions to the number of synonymous sub- 
stitutions (dN/dS). However, we show that this observation is 
likely to be an artifact related to the location of PB1-F2 in 
the +1 reading frame of the PB1 gene. 


Full text at www.sciencemag.org/cgi/content/fulV313/5793/ 
1573b 


RESPONSE TO CoMMENT ON “Large- 
Scale Sequence Analysis of Avian 
Influenza Isolates” 


John C. Obenauer, Yiping Fan, Clayton W. Naeve 


We repeated the dN/dS analysis as described by Holmes et 
al. using the methods and data as described in our original 
report. We obtained essentially the same results and agree 
that it cannot be concluded from dN/dS calculations 
whether PB1-F2 is under positive, negative, or neutral 
selection. 


Full text at www.sciencemag.org/cgi/content/ful/313/5793/ 
1573¢ 
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SOCIOLOGY 


Through Art to Association in 


Japanese Politics 


Christena Turner 


stereotypes contradict one another. 

Which is it: open, friendly, and welcom- 
ing or closed, distant, and 
restrained? Because it is so 
easy to get lost in a country 
where streets aren’t usually 
named and houses are num- 
bered in the order in which 
they are built, it is common to 
be rescued by strangers. The 
stranger who helped me find 
my way to Nagasaki invited 
me to lunch and introduced 
me to a family whose home I 
finally departed nearly two 
weeks later. In contrast, however, there is the 
feeling of many foreigners who live and 
work in Japan for extended periods of time 
that, as a crestfallen colleague of mine once 
remarked, one does not “really belong.” 

Eiko Ikegami’s fascinating Bonds of 
Civility: Aesthetic Networks and the Political 
Origins of Japanese Culture argues that 
Japanese sociability is characterized by an 
extensive repertoire of practices for han- 
dling the problem of how to interact with 
strangers. Somewhere between friends and 
enemies lies the domain of strangers. 
Somewhere between intimacy and danger 
lies the domain of civility. “The degree of 
‘strangership’ may be an indication of the 
degree of civility in a given society,” she 
claims. Civility permits ordinary people to 
be confident in interactions with those of 
unknown or different backgrounds, making 
it possible to form social bonds in the 
absence of friendship or kinship. Why does 
this matter so much? 

A central issue for social scientists con- 
cerned with the conditions necessary for 
modern democracies is the emergence of 
voluntary associations of individuals formed 
outside the realms of both the political insti- 
tutions of the state and the intimate ties of the 
family. This realm of civil society has 
intrigued researchers for more than a cen- 
tury, and the difficulty of locating Western- 
style civil society in non-Western states has 


Jee: is often perplexing—even the 
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Bonds of Civility 
Aesthetic Networks and 
the Political Origins of 
Japanese Culture 


by Eiko Ikegami 


Cambridge University 
Press, New York, 2005. 475 
pp. $80, £45. ISBN 0-521- 
80942-8. Paper, $36.99, 
£20.99. ISBN 0-521-60115-0. 


perplexed all who take the concept to be 
universal rather than culturally bounded. 
Ikegami (a sociologist at the New School for 
Social Research) joins others 
who have argued that civil 
society is inadequate to the 
task of understanding non- 
Western experience and sug- 
gests that we look at networks 
of civility instead (/, 2). 

Ikegami’s most original 
contribution here is her argu- 
ment that networks of people 
engaged in interactive artistic 
and cultural pursuits created 
the bonds of “civility without 
civil society” that prepared the population of 
pre-modern Japan for its strikingly rapid 
transformation into one of the first and most 
successful modern nations outside of the 
West. Art created politics when participation 
in aesthetic networks taught people tech- 
nologies of association among strangers that 
eased the transition toward institutions of a 
modern political economy. 

Aesthetic activities demand that people 
share sentiments as well as ideas and idioms 
as well as arguments. Participation in net- 
works of artistic hobbyists taught people how 
to moderate closeness and distance, form 
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associations, and interact in emerging public 
activities. The civility nurtured in these 
extensive networks of strangers provided 
patterns for relating to people with whom 
one shared only “weak ties.” Relying on 
the classic work of Mark Granovetter (3), 
Ikegami argues that weak ties are the strong 
force behind an emerging modern polity, 
commercial economy, and national society. 

Many outside of Japan have written poems 
in the five syllable—seven syllable—five syllable 
form of haiku, the most recognizable form of 
Japanese poetry. Few, however, realize that 
haiku was originally only the first ofmany stan- 
zas in a lengthy “linked verse” poem, com- 
posed by numerous amateur poets sitting 
together enjoying a session of shared artistic 
production. These voluntary networks cut 
across social classes and endured beyond a sin- 
gle session. They even inspired long-distance 
composition and poetry contests that were car- 
ried on through regionally and nationally dis- 
tributed commercial publication networks. A 
well-known poet might write the first stanza; in 
response, the next member would add a second 
that was linked to the previous themes and 
images. Repeated innumerable times, the result 
was a linked verse poem, sometimes as long as 
100 stanzas, composed by many authors. So 
important was the process of sitting, communi- 
cating, and interacting with others in shared 
creative practice that the famous Japanese poet 
Basho remarked that the poem itself was mere 
“garbage” if removed from this interactive con- 
text. The rules of cultural production in cultural 
network activities like these became rules of 
social relationships among equals—a rehearsal 
of sorts for civility among strangers. 


ao 
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Drinking contest. During the Tokugawa period, aesthetic networks were used “to organize fun events as well 
as serious literary and artistic activities.” Ikegami describes the “Sake Drinking Battle” held in 1815 at Senju, 


and includes this section from Tin Zukan. 
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Thus, in pre-modern Japan, people knew 
how to gather together, communicate with 
one another, organize public events, and 
maintain weak ties. Ikegami maintains that 
these cultural networks and activities subtly 
but successfully undermined the feudal sta- 
tus system and paved the way for modern 
forms of civic relationships. 

The power of frivolity in a society of 
strict hierarchy and control lies in its seem- 
ing irrelevance combined with the subver- 
sive nature of pleasure. The popularity of 
sake drinking contests reminds us of the 
importance of irrelevance and the power of 
play in creating social bonds. As shogunate 
control became stronger and explicitly polit- 
ical associations were abolished, flourishing 
cultural networks took on increased impor- 
tance. A pictorial scroll by a famous Edo 
period painter, Sakai Hoitst, depicts an 
early 19th-century sake drinking contest 
(see the figure) held in Senju, a suburb of 
Edo. With the offer of free sake to all partic- 
ipants, people of any social status were 
invited to show off their ability to hold liquor 
and compete for a top spot in the rankings 
that were printed and widely distributed 
afterward. A prominent sign hung over the 
event read “No Admission for Bad Guests— 
Teetotalers and Logical Minds.” This playful 
event was graced with the presence of 
famous writers, poets, and painters who 
served as judges of the competition, and 
whose own artistic works vividly depicted 
its “state of anarchy.” 

Free association in cultural activities of var- 
ious kinds, including foolishness, constitutes 
an important alternative to characterizations of 
emerging civil society in Western societies and 
suggests the importance of sense and sensibil- 
ity as well as logic and rationality in social life. 
Prior to modernization, Japan had established 
forms for interaction across social classes and 
formal categories of identity that emphasized 
shared appreciation for arts and collective 
experience of moments of beauty, joy, humor, 
and pleasure. Social networks based on these 
activities later served as important models for 
creating communities of shared heritage, ori- 
entations, and meanings—what Benedict 
Anderson has termed “imagined communi- 
ties” (4)—that constituted an emerging na- 
tional culture. 

Ikegami’s history reminds us that strangers 
emerge in a historical context and that fre- 
quency, density, and complexity of contact 
change over time. Haiku and sake may seem 
unlikely objects around which to build net- 
works that come to resemble “an educa- 
tional program for developing civility in 
public space,” but the author’s elegant con- 


ceptualization of a wide field of arts, con- 
tests, hobbies, and pleasures as “sites of 
social interaction” between otherwise unre- 
lated individuals is persuasive. 

As anetwork theorist, Ikegami is better at 
analyzing relationships between those 
within networks than at accounting for those 
who are left out. Her book is likely to pro- 
voke contests of its own within sociology. 
Networks, she precariously claims, matter 
more than the revered “hard categories” of 
class, status, and gender. It is, however, her 
more modest claim that “in real life, the 
boundaries of hard social categories are 
often not as unyielding as we expect” that 
resonates with research on overlapping iden- 
tities and the problem with locating clear 
lines of demarcation. 

One of the excesses of our characteriza- 
tion of civil society is the dominance of 
rational debate and interest-based activi- 
ties. Ikegami takes exception to this em- 
phasis, suggesting that a wider range of 
activities in public space matter to political 
life. If political culture and the analysis of 
power can incorporate shared practices, 
aesthetics, sensuality, tacit forms of com- 
munication, and embodied forms of knowl- 
edge, we might begin to understand why 
people are moved to act and not just how 
they decide to do so. 

Unable to rest comfortably with either the 
West or “the rest” in our new world 
order, Japan makes us dimly aware 
that something is amiss in the 
dichotomous topography of our 
times (5). Ikegami is right in noting 
that we may need a “new form 
of global civility” to deal with 
our own network revolution. Travel- 
ing outside one’s own national cul- 
ture is often said to improve self- 
knowledge. Reading Ikegami is 
like taking a trip through time, across social 
classes, and beyond the boundaries of nations. 
One returns convinced that art and politics, 
aesthetics and economics, the rational and 
the sensual are so deeply interwoven that we 
should reconsider not only our notions of 
pre-modern Japan but also our notions of 
contemporary social life—in Japan and in 
“the rest” as well. 
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Economic Origins of 
Dictatorship and 
Democracy 


by Daron Acemoglu and 
James A. Robinson 


Cambridge University 
Press, New York, 2006. 
431 pp. $35, £25. ISBN 0- 
521-85526-8. 
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POLITICAL SCIENCE 


Determinants of 
Democratization 


Romain Wacziarg 


conomic Origins of Dictatorship 
EK and Democracy is the latest salvo in 

a methodological debate that prom- 
ises to change the face of political science. 
In this superb volume, Daron Acemoglu 
and James A. Robinson seek to answer age- 
old questions in political economy: What 
factors, particularly economic factors, ex- 
plain why some countries pass from dicta- 
torship to democracy? What determines 
whether such transitions will be consoli- 
dated or whether a country will revert to 
rule by a small elite? Their answers, and the 
manner in which these were obtained, are 
refreshingly new. 

The book’s main argument is subtle and 
complex, so a short summary cannot do it 
justice. Let me attempt 
one nonetheless. Suppose 
that a country is initially 
ruled by a wealthy elite 
that faces demands from 
the majority for policies 
that benefit the latter. The 
elite can respond in three 
basic ways: They can 
repress the revolutionary 
tendencies of the majority 
through violence and coercion. They can 
implement policies beneficial to the major- 
ity, for instance by enacting monetary trans- 
fers from the elite to the populace. Lastly, 
they can transfer political power to the 
masses by expanding the franchise, so that 
the majority can itself determine public pol- 
icy. Which outcome will result from the 
struggle played out through time between 
the elite and the masses? 

The authors being trained as economists 
(1), their answer (not surprisingly) involves 
consideration of the relative costs and bene- 
fits of each of the three possible outcomes. 


The reviewer is at the Stanford Graduate School of 
Business, 518 Memorial Way, Stanford, CA 94305, USA. 
E-mail: wacziarg@stanford.edu 


15 SEPTEMBER 2006 VOL313 SCIENCE www.sciencemag.org 


CREDIT: ERICH LESSING/ART RESOURCE, NY 


Le 28 Juillet. La Liberté guidant le peuple. Eugéne Delacroix’s painting (1831 Salon) celebrates the unsuc- 
cessful 28 July 1830 attempt by the people of Paris to reestablish the Republic. 


If repression is costly in terms of social 
upheaval and disruption of production, con- 
cessions will tend to be the elite’s preferred 
option. But why not always concede to the 
demands of the masses by simply enacting 
policies that benefit them rather than by 
transferring political power to the majority 
(that is, democratizing)? The answer is that 
when the elite concedes on policies but not 
on political institutions, there is no guarantee 
that the policy favored by the masses won’t 
be overturned at a later date, when pressures 
for social change have eased. Only by trans- 
ferring de jure political power, which is much 
harder to reverse, can the elite demonstrate a 
credible commitment to a regime that deliv- 
ers policies favored by the masses. 

In some ways, this basic model is a for- 
malization of Marx’s dialectical material- 
ism: Institutional change results from distri- 
butional struggles between two distinct 
social groups, a rich ruling class and a poor 
majority, each of whose interests are shaped 
primarily by economic forces (2). It goes 
beyond this by drawing on more recent ideas 
of Douglass North and Barry Weingast, who 
argued that institutional reform can be a way 
for the elite to credibly commit to future 
policies by delegating their enactment to 
interests that will not wish to reverse them 
(3). The book’s substantive contribution is to 
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bring these intellectual traditions together 
under a consistent theoretical framework, 
delivering rich empirical predictions on the 
factors leading to democratization and insti- 
tutional stability. These factors are the eco- 
nomic, social, and institutional determinants 
of the costs and benefits of repressing versus 
conceding, such as the size of the middle 
class, the structure of production, economic 
inequality, the prevalence of economic 
shocks and crises, and the degree of global- 
ization. Each is found to have sometimes 
complex, but always empirically testable, 
relationships with the political regime. 

The next step in this research agenda is to 
carry out an empirical evaluation of the many 
hypotheses formulated by Acemoglu and 
Robinson. Since the early 1980s, numerous 
developing countries have undergone a 
wave of democratization, and some of them 
have subsequently reversed course. These 
changes provide fertile ground for evaluat- 
ing the book’s claims. Is it true, for instance, 
that high degrees of income inequality are 
not conducive to democratization? Are agri- 
cultural and resource-based countries really 
less likely to sustain democratization? What 
is the impact of globalization on the likeli- 
hood and persistence of political reforms? 

The book addresses such questions pri- 
marily from a theoretical perspective, leav- 
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ing the reader hungry for empirical evi- 
dence. A critical reader might also take issue 
with a basic premise of the authors’ model: 
Acemoglu and Robinson assume that demo- 
cratic institutions deliver policies beneficial 
to the masses. However, as the authors rec- 
ognize, populist dictators have also been 
known to deliver policies beneficial to the 
majority, and in democracies the will of the 
majority can be subverted (through, e.g., 
corruption or vote buying) to the benefit of 
the elite. In fact, perhaps surprisingly, there 
is scant empirical evidence that greater 
income inequality leads to more redistribu- 
tion in democratic systems. This is illus- 
trated by the recent example of the United 
States, but holds more broadly across coun- 
tries. A rigorous empirical evaluation of the 
link between democracy and redistribution 
therefore seems essential to evaluate the the- 
ory’s relevance for real-world phenomena. 

Yet providing testable theories is not the 
book’s only contribution to scientific knowl- 
edge. Another, perhaps more important, 
contribution is the manner in which its cen- 
tral questions are approached. Economic 
Origins of Dictatorship and Democracy 
contributes to social science by addressing 
issues traditionally studied by political sci- 
entists with the rigorous tools of economic 
analysis. Acemoglu and Robinson use for- 
mal game theoretic models, proceeding 
from assumptions to empirically falsifiable 
predictions, in keeping with the Popperian 
tradition. Such an approach is relatively new 
to political science, in spite of that disci- 
pline’s name. This is particularly true for the 
subdiscipline of comparative politics, which 
still largely relies on rhetoric and anec- 
dotes—rather than mathematically rigorous 
proofs and large-sample statistical evi- 
dence—to explain social phenomena. The 
authors’ work is an admirable illustration of 
a growing trend toward formal reasoning 
and the derivation of empirically testable 
propositions from internally consistent, styl- 
ized models. This is a trend that revolution- 
ized economics starting in the middle of the 
last century. It is now sweeping political sci- 
ence, and the experience of economics sug- 
gests it is the way of the future. As it takes 
hold, the social sciences are bound toward 
greater and greater consilience. 
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Death in Darfur 


John Hagan®* and Alberto Palloni 


he crisis of death and displacement 

in western Sudan began in February 

of 2003 and soon engulfed all three 

states of North, West, and South Darfur. To 

begin to comprehend the tragedy of the con- 

flict and the extent of the genocide (J, 2), it 

is necessary to have an accurate estimate of 

the number of deaths that occurred. Yet cur- 

rent estimates differ by more than an order 
of magnitude. 

This uncertainty results from difficulties 
inherent in surveying a war-torn region in 
Africa, as well as assumptions made by agen- 
cies trying to generate estimates. There is no 
way, as might happen in a natural disaster, to 
get an accurate body count; estimates must 
rely on interviews. Surveys from displace- 
ment camp samples must be substituted for 
unavailable population-based census data; 
extrapolating from limited samples to an 
entire population at risk is problematic. A 
quarter-century of famine and war has recon- 
figured nuclear families, making sampling 
units in surveys problematic. Current surveys 
also vary in recall periods and coverage. 
Finally, past estimates of Darfur mortality 
have been based on the dubious assumption of 
constant numbers of deaths per month. 

The initial World Health Organization 
(WHO) study, conducted with cooperation 
of the Sudanese Ministry of Health, pre- 
sented crude mortality rates (CMRs) devel- 
oped from sample surveys conducted in 
“internally displaced person” (IDP) camps 
(3). The CMRs were calculated for 2 months 
when respondents were mostly in the camps 
and past the risk of violent attacks that led to 
their displacement (4). In fall 2004, WHO 
based a projection that 70,000 had died in 
7 months (5) on extrapolation of the earlier, 
2-month data, under the assumption of a con- 
stant death rate. This assumption is doubtful 
and the underestimation of precamp violent 
deaths was emphasized in a British parlia- 
mentary committee report (4). 

Early in 2005, a United Nations (U.N.) 
humanitarian coordinator reported that 180,000 
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Analysis of factors confounding previous estimates 
leads to the conclusion that hundreds of thousand 

of people rather than tens of thousands have died 

as a result of the conflict in Darfur. 


cult. Refugees in an IDP camp school, Nyala, South Darfur, Sudan. 


died over 18 months (6)—on the basis of 
extrapolation from the WHO estimate (7). 
Other estimates doubled the 180,000 figure 
(S—10), and Kofi Annan suggested there were 
300,000 deaths (//). Then in spring of 2005, U. 
S. Deputy Secretary of State Robert Zoellick 
reported a lower estimate of 63,000 to 146,000 
“excess” deaths (/2). Following the State 
Department estimate, the press largely reverted 
to reporting a Darfur death toll in the tens of 
thousands and underestimated hundreds of 
thousands of lost lives (13, 14). 

The State Department estimate remedied 
the assumption of constant monthly mortality, 
but introduced new issues (/5, 16). It drew on 
health surveys that were not fully identified 
and for which primary sources are uncertain. 
Monthly CMRs and risk populations were not 
specified. It focused on camp health problems 
rather than precamp violence. 

The State Department estimate draws a 
further distinction between “excess” and 
“normal” or “expected” mortality under a 
hypothetical situation without the conflict. 
This generates opportunities for additional 
errors. The Darfur conflict has lasted more 
than 3 years, and in an actuarial sense, 
some deaths would be expected. Yet there 
are legal and moral difficulties in equating 
deaths expected in a settled population with 
deaths in “displacement” camps. 


To address these issues, we have built an 
estimate from the best of the primary surveys 
from the West Darfur camps. All use system- 
atic sampling, report age-specific mortality 
rates, and provide some information on vio- 
lence. We first focus on the 19-month period 
when we could combine the wide coverage 
of the surveys by WHO in 43 West Darfur 
camp sites with the more detailed informa- 
tion gathered by Médecins Sans Frontiéres 
(MSF) in five West Darfur camps (/7). The 
MSF Surveys detailed pre- and in-camp 
mortality. They could only ask explicit ques- 
tions about precamp violence in five camps. 
The WHO surveys focused on in-camp mor- 
tality with limited representation of precamp 
violence, but with coverage of the entire state 
of West Darfur (3, /8). 

The U.N. generates humanitarian profiles 
of people counted in the camps and people 
surrounding the camps who together consti- 
tute conflict-affected people who are also in 
need of assistance. These counts are important 
to the United Nations as the basis of planning 
and support. The United Nations does not ask 
specific questions about violence, but the 
numbers generated are essential in calculating 
the population at risk, which we used to esti- 
mate the actual numbers of deaths in West 
Darfur. West Darfur refugees in Chad are not 
included in these profiles. We used a State 
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Disruption of family structures and loss of kinship boundaries make counting the dead more diffi- 
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Department survey and U.N. refugee camp 
counts to complete the estimate of the West 
Darfur population at risk (/). 

We used the WHO and MSF surveys to 
obtain direct and indirect monthly estimates 
of CMRs, which respectively over- and under- 
estimate mortality and thus are best used in 
combination (19). (Methodological details are 
presented in the supporting online material.) 
The direct method is based on CMRs calcu- 
lated for all age groups in the surveys. These 
rates are likely upwardly biased by reports of 
deaths of extended, as well as nuclear family, 
members, because kinship boundaries often 
expand and become more inclusive in re- 
sponse to war. The indirect method counters 
this by relying on under-age-5 mortality rates 
(M5) reported in the surveys. These rates are 
likely downwardly biased by missing children 
whose entire unrepresented families have 
died. The indirect method uses Coale-Demeny 
North life tables for sub-Saharan Africa to 
estimate the full age distribution of mortality 
in the absence of wartime violence. Violence 
is reincorporated on the basis of the propor- 
tion of violence reported in the surveys, but 
the overrepresentation of young adults with 
low mortality outside of war is also a down- 
ward bias in the indirect method. 

The figure below displays (on the left side) 
the upper and lower 95% bound CMRs for the 
direct and indirect estimates (/9). The right side 
displays the upper and lower bound and mid- 
point number of deaths associated with these 
methods. The peak in the death estimates occurs 
later than the peak CMRs side because of the 
ongoing growth of the conflict-affected popula- 
tion associated with the expanding conflict. 


We conservatively estimate 19 months of 
mortality in West Darfur as 49,288 (with a 
range from 40,850 to 67,598) by summing 
the means for estimated deaths between the 
high and low monthly figures in the right 
side of the figure. When the right tail of this 
distribution is extended to May 2006 (/8), 
the total number of deaths is 65,296 in West 
Darfur alone, with a range from 57,506 to 
85,346. This estimate covers 31 months of 
conflict that, as of August 2006, has been 
under way for 43 months. If the further 12 
months of conflict were well estimated, 
and/or if all or most missing or disappeared 
persons were presumed dead, the death esti- 
mate would be much higher. 

Largely as a result of this killing, more 
than one million individuals are now dis- 
placed or affected in West Darfur (20). About 
one million people are similarly displaced in 
each of the adjoining Sudanese states of 
North and South Darfur. If the same ratio of 
death to displacement applies across states, 
this implies that close to 200,000 deaths have 
occurred over 31 months in Greater Darfur. 
This calculation divides the difference between 
potential upward and downward biases of 
direct and indirect methods. If the high direct 
and low indirect bands of estimates are 
extended across the three Darfur states for 
31 months, the range is between ~170,000 
and ~255,000 estimated deaths. It is likely 
that the number of deaths for this conflict in 
Greater Darfur is higher than 200,000 indi- 
viduals, and it is possible that the death toll is 
much higher. 

Our awareness of the humanitarian catas- 
trophe in Darfur and others like it would be 
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much improved by regular systematic sur- 
veys in IDP camps of age-specific, pre- and 
in-camp mortality. Nongovernmental organi- 
zations have had great difficulty undertaking 
this survey work because of the conflict con- 
ditions in Darfur. Although we cannot over- 
come the limitations in the basic information, 
on the basis of the surveys available, we con- 
clude that the death toll in Darfur is conserva- 
tively estimated to be in the hundreds of thou- 
sands rather than tens of thousands of people. 
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A Metabolic Push to Proliferate 


Dawn L. Brasaemle 


nimals have remarkable abilities to 
Are to injuries. Within 1 week 
after the surgical removal of 70% of a 
rodent’s liver, the organ can regenerate its 
original mass and function normally. The 
remaining cells of an injured liver need to 
obtain enough energy and building materials 
to support rapid cell division and tissue 
regrowth. This process depends on the cell’s 
ability to metabolize 

fatty acids that are 
released from adi- 


www-sciencemag.org/cgi/ 
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CREDIT: P. HUEY/SCIENCE 


pose tissue. On 

page 1628 of this 

issue, Fernandez et 

al. (2) report that a common cellular protein 

plays a critical role in the liver’s metabolic 
push to proliferate and regenerate. 

An injured liver produces cytokine signals 
that trigger the release of fatty acids from adi- 
pose tissue into circulation. These fatty acids 
are taken up by hepatocytes where they are 
esterified and stored as triacylglycerols in 
large lipid droplets before ultimately being 
metabolized (2). Fernandez et al. show that 
mice genetically altered to lack the protein 
caveolin-1 had impaired liver regeneration 
(after a partial hepatectomy) and reduced sur- 
vival under normal diet conditions. Residual 
hepatocytes failed to accumulate large lipid 
droplets and cell division stalled, leading to 
the death of most animals within 72 hours. By 
contrast, when caveolin-1 null mice were fed 
large amounts of dietary glucose before 
and after hepatectomy, the animals displayed 
nearly normal liver regeneration and survival. 

Caveolins have been extensively character- 
ized as major protein components of caveolae, 
flask-shaped invaginations of animal cell 
plasma membranes. Caveolin-1 and -2 are 
expressed in most cell types, whereas caveolin- 
3 is expressed primarily in cardiac, skeletal, and 
smooth muscle (3). Several functions have been 
ascribed to caveolins, including maintenance of 
caveolar structure, mediation of endocytosis 
and transcytosis of molecules attached to the 
cell surface, organization of signaling proteins, 
and less well understood roles in cellular cho- 
lesterol homeostasis and fatty acid transport. 

How does caveolin-1 regulate lipid metab- 
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olism in hepatocytes? Fatty acids likely transit 
across the hepatocyte plasma membrane both 
by simple diffusion and with the assistance of 
putative membrane-associated fatty acid trans- 
porters, one of which is caveolin-1. Another 
putative fatty acid transporter, CD36/FAT, also 
localizes to caveolae (4). Furthermore, the dis- 
ruption of caveolae by depleting membrane 
cholesterol or by inhibiting caveolin expres- 
sion or function reduces the uptake of fatty 
acids into cells (4) Conversely, overexpression 
of caveolin-1 increases the cholesterol content 
of the plasma membrane and fatty acid uptake 
into cultured cells (5), although it is not clear 
whether caveolin-1 is directly involved in fatty 
acid transport in this case. 

The precise molecular mechanisms of fatty 
acid uptake remain controversial. However, it is 
generally accepted that net uptake is coupled to 
intracellular metabolism of fatty acids (see the 
figure). The rapid synthesis of fatty acyl-coen- 
zyme A (CoA) traps fatty acids inside the cell 
and creates a “sink,” thereby increasing subse- 
quent uptake of free fatty acids (6). The fatty 
acyl-CoAs are used to synthesize phospho- 
lipids and triacylglycerols, further promoting 
uptake of fatty acids. Interestingly, overexpres- 
sion of enzymes in these biosynthetic pathways 
increases net uptake by promoting metabolism 
of fatty acids (6). Fernandez et al. show that the 
livers of caveolin-1 null mice fail to store tria- 
cylglycerol in lipid droplets after partial hepate- 
ctomy. When fatty acids were provided as the 
major carbon source in the absence of glucose, 
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Liver regeneration requires a membrane 
protein that is involved in lipid uptake, 
storage, and metabolism by hepatocytes. 


caveolin-1 null hepatocytes failed to accumu- 
late lipid droplets or divide, whereas wild-type 
hepatocytes displayed normal cell division. The 
short-term uptake of a fluorescent fatty acid 
analog was comparable in caveolin-1 null and 
wild-type hepatocytes (/). However, this ana- 
log is poorly metabolized and does not accu- 
rately measure prolonged fatty acid import that 
is coupled to metabolism (6). Thus, although 
the initial fatty acid import step may be intact, 
caveolin-1 null hepatocytes have impaired fatty 
acid metabolism. 

Most studies to date have focused on func- 
tions of caveolins localized to plasma mem- 
brane or endosomes. But caveolins also asso- 
ciate with cytoplasmic lipid droplets under a 
variety of conditions, including treatment of 
cultured cells with fatty acids (7) and partial 
hepatectomy (8). The transient increase in 
caveolin-1 content of lipid droplets in hepato- 
cytes may alter triacylglycerol catabolism. 
These triacylglycerol stores play an important 
role in liver regeneration (9). Their hydrolysis 
by cytosolic lipases releases fatty acids for 
mitochondrial B-oxidation, which is coupled 
to the production of adenosine 5 ’-triphosphate 
(ATP). Additionally, fatty acids and partially 
hydrolyzed lipids are ready substrates for the 
biosynthesis of membrane phospholipids that 
are required to support rapid cell division. The 
reduced triacylglycerol accumulation in cave- 
olin-1 null hepatocytes after partial hepatec- 
tomy (/) may imply more rapid turnover 
of triacylglycerols in the absence of lipid 
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droplet—associated caveolin-1. Increased tria- 
cylglycerol hydrolysis would likely restrict 
further uptake of fatty acids into the cell, but 
would also produce larger amounts of fatty 
acids available for B-oxidation and energy 
production. Importantly, a transient increase 
in liver triacylglycerol levels in glucose-fed 
caveolin-1 null mice suggests that metabolic 
pathways for the synthesis and catabolism of 
triacylglycerols are intact. Furthermore, phos- 
pholipid biosynthesis was sufficient to sup- 
port membrane synthesis required for cell 
division and liver regeneration when glucose 
was provided. Thus, the current data best sup- 


port a role for caveolin-1 in the accumulation, 
but not the hydrolysis, of triacylglycerols. 

Clearly, the hepatocytes of caveolin-1 null 
mice display a major disruption in the utiliza- 
tion of circulating fatty acids. Further experi- 
mentation is required to understand the role that 
caveolin-1 plays in the uptake or metabolism of 
fatty acids, and whether the site of action is at 
the plasma membrane or the lipid droplet. An 
additional contributing factor may be the role 
that caveolins play in modulating cell signaling 
processes such as the response to insulin that 
controls carbohydrate and lipid metabolism in 
the liver, and throughout the body. 


References and Notes 
. M.A. Fernandez et al., Science 313, 1628 (2006). 
. G.C. Farrell, Hepatology 40, 1252 (2004). 
A. W. Cohen et al., Physiol. Rev. 84, 1341 (2004). 
. R. Ehehalt et al., Mol. Cell. Biochem. 284, 135 (2006). 
. T.Meshulam et al., Biochemistry 45, 2882 (2006). 
. D.G. Mashek, R. A. Coleman, Curr. Opin. Lipidol. 17, 
274 (2006). 
7. S. Martin, R.G. Parton, Semin. Cell Dev. Biol. 16, 163 
(2005). 
8. A. Poletal., Mol. Biol. Cell 15, 99 (2004). 
9. E. Shteyer et al., Hepatology 40, 1322 (2004). 
10. | thank J. Storch and N. Wolins for useful discussions and 
critical review. Supported by the American Heart 
Association and the NIH. 


Du PWNP 


10.1126/science.1133253 


PLANETARY SCIENCE 


Titan's Polar Weather 


F. M. Flasar 


o the eye, Saturn’s largest moon is 
enshrouded in a thick, reddish-brown 
photochemical smog. Like Earth, 
Titan’s atmosphere is primarily nitrogen, but 
its second most abundant constituent is 
methane, not oxygen. Ultraviolet sunlight and 
energetic electrons streaming in from Saturn’s 
magnetosphere act directly and indirectly to 
dissociate methane and nitrogen and form a 
suite of organic molecules, both hydrocarbons 
(molecules composed of hydrogen and car- 
bon) and nitriles (molecules containing carbon 
and nitrogen linked by a triple bond). These 
organic molecules react to produce more com- 
plex and heavier molecules and ultimately the 
photochemical hazes that envelop the moon, 
although much of the detail remains obscure. 
As Griffith et al. report on page 1620 of this 
issue (1), detection of a vast ethane cloud in 
Titan’s arctic region is another step in unravel- 
ing the complex nature of its atmosphere. 
Titan’s temperatures are cold, as low as 70 K 
at the tropopause, which marks the boundary 
between the troposphere and stratosphere. 
Many of the organic molecules condense at 
these temperatures, but only a few have been 
directly identified. Sporadic brightenings, 
seen in near-infrared images from ground- 
based telescopes and the Cassini orbiter (2-4), 
have been interpreted as methane itself con- 
densing in the troposphere. These clouds form 
where there is convective activity under sum- 
mertime conditions. Most other types of con- 
densates, however, have been observed in 
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Smog patterns. (Left) Schematic of atmospheric circula- 
tion and (right) thermal structure in Titan’s north polar 
region in winter and early spring. The sinking flow pattern at 
the pole may explain the enhanced abundance of organic 


species in Titan's stratosphere. 


Titan’s north polar stratosphere when temper- 
atures there have been coldest. They have been 
identified in far-infrared spectra obtained 
with the Voyager and Cassini spacecraft. The 
Voyagers flew past Titan in 1980-1981, when 
it was early northern spring, and Cassini is 
currently orbiting in northern winter. So far, 
the nitriles C,N, (dicyanoacetylene) and HC,N 
(cyanoacetylene) have been identified as con- 
densed ices (5, 6), and tentative identifications 
of solid C,H, (acetylene) and C,H.CN (propi- 
onitrile) have been made (6, 7). 

What occurs at high-northern latitudes is 
more complicated than just seasonal cooling, 
and it likely involves both chemistry and 
atmospheric transports. The cold polar tem- 
peratures in winter and early spring imply that 
strong winds blow around the pole (8). In 


The discovery of ethane clouds on Saturn's 
moon Titan provides insight into complex 
planetary atmospheres. 


addition, infrared measurements from 
both Voyager and Cassini show that the 
abundances of several organic gases in 
the stratosphere are greater at high 
northern latitudes than elsewhere (8, 9). 
Because much of the formation of 
nitriles and hydrocarbons (other than 
methane) occurs higher in Titan’s 
atmosphere, the concentration of many 
of these gases increases with altitude. 
Thus, subsiding air above the north pole 
could explain the enhancement ob- 
served in the data (see the figure). On 
Earth, the meridional circulation in the 
stratosphere and mesosphere subsides 
over the winter pole (/0—/2). In fact, 
global circulation models of Titan (/3, 
14), based on terrestrial codes, also pre- 
dict subsidence over its winter pole. 
The situation on Earth may help elu- 
cidate the complex situation that seems to 
exist on Titan. The mean meridional winds in 
Earth’s stratosphere and overlying meso- 
sphere are slow, and they do not transport heat 
and constituents very efficiently. Normally, 
this transport is effected by planetary-scale 
waves. The stratosphere over the winter poles 
is in darkness and cold. As a consequence of 
the strong circumpolar winds that are associ- 
ated with the low polar temperatures, the polar 
airmass is isolated. The strong winds about the 
winter pole inhibit the rapid mixing of cold 
polar air with warmer air at lower latitudes by 
planetary waves (/0). This allows the radiative 
cooling of the polar stratosphere to continue 
unabated and polar stratospheric clouds to 
form in a normally dry environment. There is 
a slow cross-equatorial global circulation, 
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with a sinking motion over the winter pole. 
This descent causes the concentration of sev- 
eral species, such as N,O (nitrous oxide), 
methane, and HF (hydrogen fluoride) to be 
more nearly that of the mesosphere instead of 
the stratosphere outside the vortex (//, /2). 

The terrestrial polar stratospheric clouds 
are an essential ingredient for the ozone hole. 
Normally, chlorine in the stratosphere (from 
chlorofluorocarbons) is locked in stable reser- 
voirs, such as CIONO, and HF. However, in the 
presence of cloud particles, these react to form 
HNO, (nitric acid) and Cl,. The cloud particles 
remove the nitric acid by embedding it in trihy- 
drate particles—HNO,°3H,O—thereby deni- 
trifying the polar atmosphere and preventing 
the stable reservoirs of chlorine from re-form- 
ing. When the sun returns with spring to the 
poles, the Cl, dissociates and atomic chlorine 
readily destroys ozone (10). None of this could 
have happened except for the strong circumpo- 
lar vortex, which isolates the polar air, allow- 
ing it to become cold enough for the strato- 
spheric clouds to form. As spring progresses 
and sunlight warms the pole, the circumpolar 
winds weaken and planetary-scale waves 
erode and finally disrupt the vortex. 


Titan has a moderately reducing atmo- 
sphere and different chemistry from Earth, but 
the question of whether a similarly complex 
phenomenon occurs is intriguing. Certainly 
there are several similarities: cold polar tem- 
peratures, strong circumpolar winds, concen- 
tration differences in several organic com- 
pounds that seem consistent with isolation, 
and condensates. Yet, the importance of sur- 
face chemistry involving organic gases and 
cloud and haze particles in the polar regions 
is not well understood. Moreover, planetary 
waves have not yet been detected. In fact, on a 
slowly rotating body such as Titan with its 16- 
day period, the natural scale of these waves 
may be too large to fit into an atmosphere on a 
body with only a 2575-km radius (/5). How- 
ever, other classes of waves, such as smaller 
scale internal gravity waves, may play a role 
similar to planetary waves on Earth. Ques- 
tions like these need to be examined, with data 
and modeling. 

Until now, clouds of the most abundant 
product of methane dissociation, ethane, have 
eluded detection. The Griffith et al. identifica- 
tion of polar ethane clouds is reassuring, in 
that it validates the basic ideas we have about 


PERSPECTIVES 


Titan’s meteorology and chemistry: first, that 
condensation does occur, as expected, in the 
lower stratosphere, and second, that the 
inferred altitudes of the ethane cloud (30 to 50 
km) are consistent with subsidence in the win- 
ter polar region. This and other clues that we 
will obtain will help us to sort out the things 
we still puzzle over. 
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MICROBIOLOGY 


Mycobacteria's Export Strategy 


Bérengere Ize and Tracy Palmer 


uberculosis has probably killed more 
humans than any other disease in his- 
tory, and on average four people die of 

this disease every minute around the world 
(1). The causative agent, Mycobacterium 
tuberculosis, is a Gram-positive bacterium 
that can lie dormant in the body for decades 
before reawakening to cause acute disease. 
One of the major ways that bacteria subvert 
host defenses is by secreting virulence pro- 
teins. Indeed, pathogenic bacteria have evo- 
Ived a number of elaborate transport machines 
whose sole function is to deliver such factors 
into the host, often carefully timed to hit the 
right place at the right time. Recently, a new 
protein secretion pathway, ESX-1 (ESAT-6 
system-1) or Snm (secretion in mycobacteria), 
was discovered in M. tuberculosis (2-5), and 
is present in many other Gram-positive bacte- 
ria (6). This discovery has challenged our 


The authors are with the School of Biological Sciences, 
University of East Anglia, Norwich NR4 71], UK and the 
Department of Molecular Microbiology, John Innes Centre, 
Norwich NR4 7UH, UK. E-mail: tracy.palmer@bbsrc.ac.uk 


www.sciencemag.org SCIENCE VOL 313 


CELLEXTERIOR  ESAT-6 Q 


CFP-10 


“A 3 


CELL WALL AND 
MYCOLIC ACID LAYER 
PEPTIDOGLYCAN 
A 
——_ 
LIPID BILAYER 
BACTERIAL CYTOPLASM J 
ESAT-6 V. 
Vor 10 


knowledge of the organism and more gener- 
ally of protein secretion in prokaryotes. 
On page 1632 of this issue, DiGiuseppe 
Champion et al. (7) identify the first target- 
ing signal that promotes protein secretion by 
this pathway. 


Other factors? 


Identification of targeting sequences needed 
for secretion of the virulence proteins encoded 
by mycobacteria has potential applications for 
the design of live, attenuated vaccines. 


Exporting virulence factors. (Left) 
In one model, the ESAT-6—CFP-10 dimer 
of virulence factors binds to the 
Rv3871 component of the secretion 
machinery by means of the carboxyl- 
terminal peptide on CFP-10. The com- 
plex moves to the transport channel, 
presumably Rv3877. Functions of the 
other essential secretion components 
[Rv3870; Rv3868 and Rv3869 (not 
shown)] are not known. (Right) Alter- 
natively, ESAT-6, CFP-10, and the bacte- 
rial protein EspA may form a conduit 
to the cell surface, allowing the pass- 
age of other bacterial proteins (75). 


Protein delivery during infec- 
tion is relatively well understood 
for Gram-negative bacterial patho- 
gens, which possess one or more 
specialized protein transport systems (num- 
bered Type I to Type VI). These types of 
export pathways are encoded on so-called 
pathogenicity islands, regions of the genome 
that are associated with virulence. Protein 
secretion in Gram-negative bacteria is partic- 
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ularly complex because they are bounded by 
two lipid bilayers, and their proteins must 
pass through both of these hydrophobic barri- 
ers to reach host cells. Gram-positive bacteria 
are generally simpler in structure in that they 
lack the second lipid bilayer, yet surprisingly, 
our understanding of virulence factor secre- 
tion in these organisms is rudimentary. Al- 
though they have been known to lack the 
canonical Type I to Type VI systems of 
Gram-negative bacteria, it was only recently 
that the ESX-1 system was discovered. 

A large number of low molecular weight 
proteins are secreted by M. tuberculosis when 
the bacteria are cultured in vitro. Two of these 
are potent immune response elicitors—early 
secreted antigenic target-6 (ESAT-6) and cul- 
ture filtrate antigen 10 kD (CFP-10). These 
proteins form a heterodimer and secretion of 
ESAT-6 depends on the presence of CFP-10 
(4, &, 9). The genes encoding both antigens are 
localized on the region of difference 1 (RD1). 
RD1 encompasses most of a 15-gene cluster 
called ESX-1, which is duplicated a number 
of times in the M. tuberculosis genome (10). It 
is also a part of the M. tuberculosis genome 
that is absent from the attenuated M. bovis 
bacillus Calmette-Guérin (BCG) or the aviru- 
lent M. microtii strains (11, 12). 

At least five genes encoded within the 
ESX-1 cluster, Rv3868 through Rv387/ and 
Rv3877, are required for secretion of ESAT-6 
and CFP-10 (3-5, 73). Rv3877 encodes a 
transmembrane protein that may form all or 
part ofa channel. Rv3869 also encodes a mem- 
brane-associated protein (see the figure). 
Rv3868, Rv3870, and Rv3871 encode ATPases 
(adenosine triphosphatases) that may trans- 
duce the energy of ATP hydrolysis into 
mechanical work. CFP-10, but not ESAT-6, 
interacts with the ATPase Rv3871 (4). 

The study by DiGiuseppe Champion et 
al. takes a large step toward elucidating the 
means by which CFP-10 and ESAT-6 are 
targeted for secretion. The authors con- 
structed truncations and single—amino acid 
variants in the CFP-10 protein to define the 
regions important for associating with 
ESAT-6 and Rv3871. Interaction with 
Rv3871 is mediated by the carboxyl-termi- 
nal seven amino acids of CFP-10. Specific 
substitution of residues in this region abol- 
ished this association, but did not affect 
complex formation with ESAT-6, showing 
that these interactions are separable. The 
same substitutions also abolished secretion 
of CFP-10, suggesting that its interaction 
with Rv3871 is a prerequisite for export. 
Remarkably, mutations in CFP-10 that 
abolished its secretion also completely 
blocked export of ESAT-6, implying that 


both proteins are targeted to the secretion 
machinery as a complex. Moreover, the 
nuclear magnetic resonance solution struc- 
ture of the ESAT-6—CFP-10 complex 
reveals extensive contacts between the two 
proteins, but that the carboxyl-terminal 15 
amino acids of CFP-10 extend from the 
complex and adopt an a-helical structure 
(/4). An open question that arises from the 
DiGiuseppe Champion ef al. study is 
whether ESAT-6 and CFP-10 are secreted as 
a folded protein complex or whether one or 
more of the essential ATPases is required to 
tear the complex apart before export, allow- 
ing each protein to be secreted separately. 
DiGiuseppe Champion et al. further 
demonstrate that when the key seven 
amino acids of CFP-10 are amended to 
another protein, the protein is exported 
from bacteria. Thus, the signal is portable 
and can target the secretion of heterolo- 
gous proteins. This is of particular interest 
because it may provide a means to engi- 
neer more effective live attenuated vac- 
cines. It has long been known that vaccina- 
tion with BCG is effective only when 
administered live, suggesting that active 


secretion is necessary to generate an effec- 
tive immune response. Enhanced secretion 
of antigens by engineering of the ESX-1 
secretion system may therefore ultimately 
provide a mechanism for boosting protec- 
tion against tuberculosis. 
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CHEMISTRY 


The Organic Approach to 
Asymmetric Catalysis 


Benjamin List and Jung Woon Yang 


Small organic molecules are increasingly used as asymmetric catalysts, complementing the 
enzymes and metal complexes traditionally used to make chiral products. 


hen chemists make chiral com- 
\ N / pounds—molecules that behave 
like object and mirror image, 


such as amino acids, sugars, drugs, or 
nucleic acids—they like to use asymmetric 
catalysis, in which a chiral catalyst selec- 
tively accelerates the reaction that leads to 
one mirror-image isomer, also called enan- 
tiomer. For example, the “Monsanto process” 
uses a chiral rhodium catalyst to synthesize 
the drug L-dopa, used to treat Parkinson’s 
disease (/). 

For decades, the generally accepted view 
has been that there are two classes of effi- 
cient asymmetric catalysts: enzymes and 
synthetic metal complexes (2). However, 
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this view is currently being challenged, with 
purely organic catalysts emerging as a third 
class of powerful asymmetric catalysts. 

Most biological molecules are chiral and 
are synthesized in living cells by enzymes 
using asymmetric catalysis. Chemists also 
use enzymes or even whole cells to synthe- 
size chiral compounds. Such biological 
catalysis is increasingly used on an indus- 
trial scale and is particularly preferred in 
hydrolytic reactions. The other class of 
accepted and efficient chiral catalysts, metal 
complexes, are reagents based on inorganic 
chemistry. Transition metal catalysts are 
particularly useful for asymmetric hydro- 
genations, but may leave possibly toxic 
traces of heavy metals in the product. 

In contrast, in organocatalysis, a purely 
organic and metal-free small molecule is 
used to catalyze a chemical reaction. In 
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addition to enriching chemistry with another 
useful strategy for catalysis, this approach 
has some important advantages. Small 
organic molecule catalysts are generally sta- 
ble and fairly easy to design and synthesize. 
They are often based on nontoxic com- 
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area has grown at a breathtaking pace. 
Within a few years, powerful organocata- 
lysts for a wide range of reactions have been 
designed and developed (4—6). 

A particularly appealing discovery of 
great potential is the use of chiral Bronsted 
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Powerful organocatalysts. In the emerging field of organocatalysis, Bronsted acid organocatalysts (top, 
middle) and Lewis base organocatalysts (bottom) have received particular attention. The reactions shown 


have enantiomeric ratios of at least 98.5:1.5. 


pounds, such as sugars, peptides, or even 
amino acids, and can easily be linked to a 
solid support, making them useful for indus- 
trial applications. However, the property of 
organocatalysts most attractive to organic 
chemists may be the simple fact that they are 
organic molecules. 

Organocatalysts have been used sporadi- 
cally throughout the last century; indeed, an 
organic catalyst was used in one of the very 
first examples of a nonenzymatic asymmet- 
ric catalytic reaction (3). But recently, this 
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acids as organocatalysts. Organic Bronsted 
acids function by donating a proton to the 
substrate. They have been used as catalysts 
for a variety of reactions since the begin- 
nings of modern chemistry, but applica- 
tions in asymmetric catalysis have been 
extremely rare. A breakthrough in this area 
came when Jacobsen ef al. developed 
highly active Bronsted acid organocatalysts 
that incorporate a urea motif as the active 
principle (7). 

One powerful application of these cata- 
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lysts is in the Strecker reaction (7, 8), one of 
the most general and useful ways to make 
enantiomerically pure amino acids (see the 
figure, top). In this transformation, hydro- 
gen cyanide reacts with imines (which con- 
tain a carbon-nitrogen double bond). In the 
presence of the Jacobsen urea catalyst, 
amino nitriles are obtained in high enan- 
tiomeric ratios (er; this is the ratio of the two 
mirror image isomers); hydrolysis of these 
compounds yields valuable amino acids. 
This type of catalysis, in which the catalyst 
donates a hydrogen bond to a reactive inter- 
mediate, is very common in enzymes, but 
only became a powerful tool for asymmetric 
organocatalysis through the work of Jacob- 
sen and co-workers (7, 8). 

Akiyama et al. recently developed even 
stronger Bronsted acids based on the phos- 
phoric acid motif. These acids catalyze reac- 
tions such as the hetero-Diels-Alder reac- 
tion between imines and dienes (the latter 
contain two carbon-carbon double bonds) 
(see the figure, middle) (9). The resulting 
cyclic molecules are of interest in drug 
development. Independently, Terada et al. 
have recently shown that such phosphoric 
acid catalysts are highly active and have the 
potential of becoming as efficient as even 
the most active metal- or biocatalysts (/0). 

Yet, there is more to organocatalysis than 
Brensted acids. Lewis base organocatalysis, 
in which the catalyst donates not protons but 
electrons to the substrate, is another very 
actively researched area. Catalysts include 
amines, phosphines, and even carbenes. The 
amino acid proline is an exceptionally sim- 
ple yet versatile amine catalyst and has 
attracted a lot of attention (//, /2). Another 
useful example of amine-catalyzed reac- 
tions was recently published by Maruoka 
and co-workers. (/3). This group has 
designed a highly active and selective cata- 
lyst for the Mannich reaction, which also 
involves imines (see the figure, bottom). 
The catalyst activates aldehydes (widely 
used organic substrates that contain a car- 
bon-oxygen double bond) to react with 
imines to give useful intermediates for the 
synthesis of biologically active compounds. 

The reactions discussed here are just a 
small subset of the increasing number of 
highly selective and efficient organocatalytic 
transformations. Finally, an organic approach 
to asymmetric catalysis that allows organic 
chemists to design and to understand their cat- 
alysts themselves is at hand. Organocatalysis 
complements the traditional and highly devel- 
oped inorganic and biological approaches to 
asymmetric catalysis. Because of its many 
attractive features, applications in the pharma- 
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ceutical industry can be expected. There is lit- 
tle doubt that organocatalysis is here to stay. 
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STRUCTURAL BIOLOGY 


Dynamic Visions of Enzymatic Reactions 


Michele Vendruscolo and Christopher M. Dobson 


he action of many proteins involves 
large-scale conformational changes 
that typically take place on the mil- 
lisecond time scale. Examples include the 
cooperative transitions that enable efficient 
oxygen transport by hemoglobin in the blood, 
and the series of motions involved in muscle 
contraction (/). But even proteins that do 
not undergo such dramatic conformational 
excursions are not the rigid objects that struc- 
tural models often imply. The conformations 
of all proteins constantly fluctuate, with some 
motions taking place on time scales of a 
picosecond or less and involving displace- 
ments in atomic positions of ~0.1 nm (/—6) . 

Are these motions simply inherent proper- 
ties of molecules held together by relatively 
weak interactions, or have they evolved to 
enhance their functional efficiency? There is 
increasing evidence that both views may in 
fact have validity and that biology has chan- 
neled the inherent motions of proteins into 
directions that enhance their effectiveness. 
For example, structural fluctuations of en- 
zymes appear to increase the probability of 
binding certain ligands, although more stud- 
ies are needed to establish their effects on the 
catalytic rates themselves. On page 1638 of 
this issue, Boehr et al. (7) report experimental 
evidence that is interpreted in terms of this 
view of enzymology. They also indicate that 
many fluctuations can be linked together into 
whole reaction cycles that carry out a com- 
plex chemical process with great efficacy. 

In recent years, the idea that random con- 
formational fluctuations of proteins are chan- 
neled into productive events has gained popu- 
larity. This concept is rooted in a statistical 
view that has revolutionized, for example, our 
understanding of protein folding (/, 2, 8—10), 
a process now perceived not as a deterministic 
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Experimental evidence is provoking further 
discussion of a stochastic view of protein 
behavior. 


A free-energy channel model for enzymatic behavior. The binding of a ligand shifts the predominant 
population of enzyme molecules from the free state (A) to a bound state (B) that was previously sampled 
transiently through stochastic fluctuations. Further conformational fluctuations from B enable the catalytic 
state (C) to be accessed. When the enzyme returns to state A, the cycle can begin again. 


sequence of well-defined conformations, but 
rather in terms of stochastic events along free- 
energy landscapes that funnel the molecular 
fluctuations toward their native structures. 
The “jigglings and wigglings” of protein mol- 
ecules anticipated by Feynman (//) appear 
therefore to have been harnessed for specific 
purposes during molecular evolution. 
Application of this statistical view to 
enzyme behavior suggests that conforma- 
tional fluctuations resulting from the con- 
certed motions of many atoms can push the 
unbound states of enzymes into conforma- 
tions closely resembling the bound states, 
thereby priming them to form complexes 


with specific ligands (5, /2, /3). Thus, 
although the unbound state of a protein is 
inherently flexible, fluctuations are not ran- 
dom. Rather, they take place preferentially in 
a way that prepares the protein to bind to its 
cofactors and substrates. The free-energy 
landscapes of the free and the bound states 
differ just enough to cause changes in the rel- 
ative populations of their principal states. 
After binding, the free-energy landscape (7) 
is plastically deformed just enough to make a 
slightly different state of the protein become 
the most populated (see the figure). 

Boehr et al. suggest that certain enzymes 
can combine flexibility with plasticity to 
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achieve a sophisticated series of changes in 
structure and dynamics. According to this 
view, for each state along the enzymatic 
cycle of dihydrofolate reductase (DHFR) 
(14), a binding event can cause a protein 
molecule to occupy a new free-energy mini- 
mum (see the figure), stabilized by a ligand 
and geared to fluctuate toward another state 
that binds the next ligand in the catalytic 
cycle. The five successive steps of such tran- 
sitions that exist in DHFR would thus show 
just how effectively evolution can coordinate 
the thermal motion of hundreds of atoms to 
perform biological functions. 

If this view turns out to be correct, then the 
free-energy landscapes of enzymes would not 
just be funnels; rather, they would appear 
more as a set of coupled low-energy states. In 
the case of catalytic cycles, these free-energy 
landscapes could be merged into rings that 
resemble perhaps rather battered sombreros 
(see the figure). Such a shape can be created 
by stringing together several free-energy fun- 
nels, one for each of the structurally quite 
similar states along the catalytic cycle. The 
alignment of these funnels could result in a 
channeling mechanism that generates the 
complex motions required for enzymatic 
activity by breaking them down into simpler 


ones that are closely coupled to each other. 

Although much remains to be learned, this 
free-energy channel model may be the result 
of a general type of free-energy surface char- 
acterized by statistical pathways that enable 
the performance and regulation of catalytic 
reactions by a succession of binding events. 
Increasingly complex reactions could be real- 
ized by generating further funnels along the 
channel. Exploration of these concepts will 
be particularly relevant in view of the increas- 
ing realization that enzymes—and other pro- 
teins—act as part of complex networks of 
interconnected processes. 

Boehr et al. infer the structural similarity 
of an excited state with the ground state of 
the following step of the enzymatic cycle 
from the correlations between the chemical 
shifts of these states. Recent advances in 
protein structure determination (5, /5) 
using the same sort of nuclear magnetic res- 
onance data that can be extracted from the 
type of experiments carried out by Boehr et 
al., suggest that detailed structures of the 
excited states themselves could be just 
around the corner. Examination of such 
structures would undoubtedly enable these 
interesting concepts to be tested further and 
could also shed light on the role of the mul- 
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tiple protein-protein interactions now being 
discovered through proteomic techniques, 
and be of great practical value for rational 
drug design. 
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PHYSICS 


Detecting and Controlling 
Electron Correlations 


Markus Biittiker 


s electronic devices shrink to nano- 
Av dimensions, their properties 

are increasingly governed by quan- 
tum effects rather than by classical physics. 
Electron motion is no longer a simple matter 
of electrical currents flowing in circuits, but 
is instead highly influenced by the diffrac- 
tion and interference of the particle wave 
functions as described by quantum mechan- 
ics. In this case, the fluctuations exhibited by 
electron currents may contain information 
that is fundamental to understanding physics 
at nanometer scales. The ways in which such 
fluctuations are correlated in a nanostruc- 
ture are interesting, especially for the possi- 
ble construction of quantum information- 
processing elements. A recent experiment 
by Oberholzer et al. (1) shows how the quan- 
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tum correlations between current fluctua- 
tions at two contacts of a normal conductor 
can be controlled simply by tuning an elec- 
trode voltage. 

The physics of current fluctuations has 
been the subject of much experimental and 
theoretical exploration. The findings of 
Oberholzer et a/. in particular confirm a the- 
oretical prediction about current correla- 
tions made by Texier and Biittiker in 2000 
(2). Previously, the sign of the current-cur- 
rent correlation measured between contacts 
in a device has always been connected to the 
statistical properties of the carriers (3). 
Electrons are fermions and the Pauli princi- 
ple dictates that each state can only be singly 
occupied; as a consequence, current-current 
correlations in normal conductors are nega- 
tive. Conversely, for current carriers that 
obey Bose-Einstein statistics (in which a 
given state can be occupied by multiple 
quanta), positive correlations are observed. 


Measurement and control of fluctuations in 
circuits may lead to devices for quantum 
computation. 


To reverse the sign of these correlations, the 
experiment brings another effect into play: 
Electrons are carriers with charge. A charge 
imbalance leads to an electric field that in 
turn acts on all electrons in the same way 
within its range, leading to additional corre- 
lations. These correlations can dominate the 
antibunching effect of the Pauli principle 
and lead to positive correlations even in a 
purely normal conductor. 

The geometry analyzed theoretically (2) 
and used in the experiment (/) is shown in 
the figure. The conductor consists of a high- 
mobility two-dimensional electron gas with 
a geometry determined by top gates (A, B, C 
in the figure). If a voltage is applied to the 
gates, they deplete the electron gas under- 
neath them, thus generating the desired 
geometry. The conductor consists of two 
narrow orifices called quantum point con- 
tacts (QPCs), labeled A and B. Electron cur- 
rent is incident at contact 1, and the current 


15 SEPTEMBER 2006 


1587 


PERSPECTIVES 


1588 


correlations are measured between contacts 
2 and 3. In addition, there is a fourth contact, 
which can be opened or closed with the help 
of a side gate C. The conductor is subject to 
a high magnetic field such that it is in an 
integer quantum Hall state. This allows the 
creation of states in which carriers skip in 
one direction along the edges (“edge states”) 
that form the equivalent of controlled elec- 
tron “beams,” like the beams in an interfer- 
ometer. The experiment is carried out for a 
magnetic field for which there are only two 
edge states. The two edge states are depicted 
in the figure with fine red and blue lines. 

At low temperatures, if scattering events 
are purely elastic, noise is generated when- 
ever there exists more than one final state for 
a given initial state. In the experiment, noise 
is generated at QPC A by adjusting the gates 
such that the inner edge state is only par- 
tially transmitted. A carrier incident in this 
state is reflected with some probability back 
into contact 1 or transmitted with some 
probability into contact 4 (if the gate to this 
contact is open). Therefore, this process cre- 
ates an inner edge state leading away from 
the QPC with a carrier population that fluc- 
tuates in time. In contrast, the outer edge 
state transmits perfectly through the QPC 
and is noiseless. 

If the gate at contact 4 is closed, both the 
outer noiseless edge state and the inner edge 
state approach the second QPC (denoted B 
in the figure). If QPC B is configured such 
that the noiseless edge state is fully trans- 
mitted and the inner edge state is fully 
reflected, then the current at contact 2 is 
noiseless, and its correlation with current at 
contact 3 is zero. If QPC B is opened a bit 
such that the noisy edge state is partially 
transmitted, then both the current in contact 
2 and that in contact 3 will fluctuate. The 
Pauli principle is dominant, and the correla- 
tion is negative. In fact, this configuration 
was examined in an earlier experiment by 
the same group (4) to demonstrate negative 
correlations (4-6). With both QPCs par- 
tially transmitting an edge state, the role of 
the first contact is simply to regulate the 
occupation of the edge state incident on the 
second QPC. If the transmission through 
QPC A is reduced, the population of the 
noisy edge state is more and more diluted 
and, consequently, the negative correlation 
becomes smaller and smaller. 

The crucial addition in the new experi- 
ment is the fourth contact. It comes into play 
when gate C to this contact is opened. The 
fourth contact is now not simply a current 
sink but a voltage probe. Ideally a voltage 
probe draws no net current. Because the cur- 
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An electron beam splitter. Experimental configu- 
ration for the detection of negative, zero, or positive 
current correlations. 


rent incident on the probe is noisy, the volt- 
age in this contact must fluctuate. The fluctu- 
ating voltage acts on all carriers in the probe 
equally, and therefore it will reemit carriers 
in the two outgoing edge states in synchro- 
nism. If QPC B is now set to reflect the inner 
edge state completely, even the outer fully 
transmitted edge state is noisy. The collective 
response due to the fluctuating voltage of the 
probe leads to positive correlations, as pre- 
dicted (2) and observed in the experiment of 
Oberholzer et al. (1). Note that there is no 
violation of the Pauli principle: Both edge 
states emerging from the voltage probe 
remain at all times singly occupied. 

The collective emission of carriers described 
here is not the only effect that can generate 
positive correlations in electrical conductors. 
Emission of a Cooper pair from a supercon- 
ductor into the normal metal leads to a pair of 
electrons that can generate positive correla- 
tions (7, 8). Similarly, normal conductors 
with ferromagnetic contacts can show posi- 
tive correlations due to “spin” bunching or 
dynamical spin blockade (9, 10). It is also 
known that high-frequency current correla- 
tions can be positive in purely normal con- 
ductors due to collective voltage fluctuations 
(/1). Yet the experiment by Oberholzer et al. 
(/) is the first one to report positive fluctuat- 
ions. Moreover, in this experiment, the sign of 
the correlations can be changed simply by 
turning on and off a gate voltage (the connec- 
tion to the voltage probe). 

The collective emission of carriers from a 
voltage probe is at its core a classical effect. 
It is only the noise of the incident channel 
that is generated quantum mechanically 
(through transmission and reflection at QPC 
A). One might therefore ask whether there 
are other geometries that will also show pos- 
itive correlations in normal conductors. The 
answer is yes: Wu and Yip (/2) analyzed 
geometries in which a quantum coherent 
conductor is connected to macroscopic resis- 
tors at its contacts. As in the effect described 
above, voltage fluctuations at the connection 


of the mesoscopic conductor and the macro- 
scopic classical resistors generate a feedback 
effect (a collective response) that leads to 
positive correlations. Still another set of 
geometries have been investigated by Rychkov 
and Biittiker (/3): If noise is fed into a con- 
ductor that is made to behave classically 
through increased inelastic scattering, the 
current correlations are predicted to become 
positive. This leads to a picture in whicha 
quantum coherent conductor exhibits nega- 
tive correlations but a macroscopic conduc- 
tor divides the incident noise in a collective 
manner and as a result exhibits positive cor- 
relations. A recent experiment by Chen and 
Webb (/4) in which a noise source feeds cur- 
rent fluctuations into a beam splitter con- 
firms this picture. And recently, McClure et 
al. (15) have demonstrated that the sign of 
current correlations of two capacitively cou- 
pled quantum dots can be changed simply by 
tuning gate voltages. 

There is much interest in generating, 
manipulating, and detecting entangled states 
in electrical conductors. Of particular inter- 
est are proposals for accomplishing this with 
purely normal conductors (/6). My col- 
leagues and I have also made predictions 
that link entanglement to a two-particle 
Aharonov-Bohm effect in which no individ- 
ual particle encircles the flux but two-parti- 
cle states are sensitive to the flux (/7). 
Observation of such quasiparticle entangle- 
ment requires that voltage fluctuations that 
generate collective effects are largely 
absent. Experiments such as those carried 
out by Oberholzer et a/. will help us to under- 
stand the necessary conditions. 
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Vesicle Formation at the Plasma 
Membrane and Trans-Golgi Network: 
The Same but Different 


Mark A. McNiven* and Heather M. Thompson 


An elaborate vesicle transport system supports the active exchange of membranes and protein 
cargo between the plasma membrane and the trans-Golgi network. Many observations suggest that 
highly conserved mechanisms are used in vesicle formation and scission. Such similarity is found 
both at the level of the receptor-ligand sequestration process that uses clathrin and associated 
polymeric and monomeric adaptor proteins, and in the machinery used to deform and vesiculate 


lipid membranes. 


apparatus exhibit a yin and yang rela- 

tionship centered on the sorting, pack- 
aging, vesiculation, and transport of membranes 
and protein cargo, either into (the PM) or out of 
(the Golgi apparatus) the cell. Rather than being 
antagonistic in function, these sister sites actually 
represent a “membrane continuum” that shares 
and exchanges a related functional machinery to 
support its complex tasks (Fig. 1 and table S1). 
Situated along this continuum are sorting stations, 
including several types of sorting and recycling 
endosomal compartments on one side and the 
trans-Golgi network (TGN) on the other. All of 
these compartments are in continuous com- 
munication with each other and share many similar 
structures and components. Here we focus on the 
similarities, while also indicating some differences, 
of this sorting and transport continuum. 


T= plasma membrane (PM) and the Golgi 


Similarities in Protein-Sorting Mechanisms 
at the PM and TGN 


The selective sequestration and packaging of 
protein cargo are key functions performed at 
both the PM and TGN. Clathrin and its asso- 
ciated coat proteins provide the central scaffold 
on which many of these processes are organized 
and are very similar at both sites (Fig. 1 and 
table S1). Although most studies have focused 
on clathrin-coated vesicle (CCV) formation at 
the PM during endocytosis, marked similarities 
have been noted at the TGN (/-3). 

Of the clathrin-associated accessory proteins, 
the heterotetrameric adaptor proteins (APs), as 
well as the more recently identified monomeric 
clathrin-associated sorting proteins, provide the 
“first line” of cargo-sequestration specificity 
on a widely distributed clathrin cage (4-6). 
Four AP complexes have been identified, and 
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they all exhibit a similar organization, consist- 
ing of two large subunits (y/B1, o/B2, 5/83, and 
e/B4), a medium subunit (111-4), and a small 
subunit (o1-4). Despite the modest identity 
among analogous subunits (20 to 40%), they 
appear to be structurally similar and to assemble 
into their respective AP complexes in a similar 
manner. The AP complexes do, however, 
display differences in cellular localization 
patterns and mediate distinct vesicle-formation 
processes. AP-1, AP-3, and AP-4 are generally 
believed to function at the TGN and/or endo- 
somes, whereas AP-2 functions at the PM (7). 
Both functional and structural studies have firm- 
ly established a role for AP-2 in protein sorting 
and CCV formation at the PM; in comparison, 
the roles of the other AP complexes in vesicle 
formation are somewhat less clear (8, 9). 
AP-mediated protein sorting depends on the 
recognition of sorting motifs that are present in 
the cytosolic domains of transmembrane pro- 
teins (7, 10). There are at least three classes of 
sorting motifs recognized by AP complexes. 
The Asn-Pro-X-Tyr motif, which is found in the 
cytosolic tails of the insulin receptor, epidermal 
growth factor (EGF) receptor, and low-density 
lipoprotein receptor, appears to be recognized 
by AP-2 at the PM; however, this motif also in- 
teracts with non—AP-2 clathrin adaptors to me- 
diate internalization (4). Another tyrosine-based 
motif, Tyr-X-X-© (where © is a bulky hydro- 
phobic amino acid), found in transmembrane 
proteins such as the transferrin receptor and 
mannose-6-phosphate receptor, is recognized 
by the p subunit of all four AP complexes, 
and this motif can thus mediate receptor cargo 
sorting at the PM, TGN, and endosomes. A 
third motif, [Asp-Glu]X-X-X-Leu[Leu-Ile] 
({DE]XXXLI[LI]), is dileucine-based and resides 
in the cytosolic tails of proteins targeted to endo- 
somal and lysosomal compartments. In addition, 
this motif has been implicated in basolateral 
targeting in polarized epithelial cells. Dileucine- 
based motifs are recognized by AP-1, AP-2, and 
AP-3; however, each AP complex exhibits 
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distinct preferences for certain [DE]XXXL[LI] 
motifs. The affinity of interactions between the 
AP complexes and a specific binding motif might 
differ, depending on the context of the motif 
within the protein, the membrane-organelle 
environment, and the phosphorylation state of 
the AP complex. Thus, a nascent receptor may 
exhibit a distinct affinity for one AP complex 
when leaving the TGN but demonstrate other 
affinities for different AP complexes when 
being internalized from the PM or recycled 
from endosomes. 


Variations of a Common Sorting Machine 


There is substantial homology between the 
protein-sequestration and -sorting machinery at 
the PM and TGN. Superimposed on this con- 
served process are several layers of regulation 
and targeting that provide specificity. Because 
clathrin, adaptor proteins, and many additional 
linker proteins are widely used, what variations 
then might provide distinction between the two 
sites? It appears that different lipids and phos- 
phoinositides (//—/3); small guanosine triphos- 
phatases (GTPases) (14, /5); and a second family 
of adaptors, the GGAs [Golgi-localized, y-ear— 
containing, adenosine diphosphate ribosylation 
factor (ARF)}-binding proteins] (16, 17), work 
together toward this end. 

The classes of lipids that make up the lipid 
environments at the PM and TGN are similar in 
many respects, containing cholesterol, sphingo- 
lipids, and phosphoinositides (//—J3, 18, 19). In 
addition, lipid microdomains or rafts are present 
at both sites [for site differences, see (20)]. Lipid 
rafts are thought to mediate clathrin-independent 
vesicle formation and have been proposed to 
participate in sorting at the TGN in polarized epi- 
thelial cells for the transport of apically localized 
proteins (8, 2/). Thus, although the ratio of these 
lipids may differ to some degree at the two sites, 
with cholesterol and sphingolipids being more 
enriched at the PM than the TGN, the participa- 
tion of membrane microdomains is maintained. 

The use of inositol phospholipids during 
vesicle formation also seems to be conserved; 
however, phosphoinositides containing different 
combinations of phospho-modifications on the 
inositol ring appear to be preferentially gener- 
ated at certain membranous sites, where they can 
then participate in distinct vesicle-trafficking 
pathways (//, 12). Whereas phosphatidylinositol 
4,5-bisphosphate (PIP,) is more prominent at 
the PM and binds to AP-2, phosphatidylinositol 
4-monophosphate (PI4P) is more prominent at 
the TGN and binds to AP-1. The delegation of 
PI4P to the Golgi and PIP, to the cell surface is 
less tidy than it may first appear, because PIP, has 
been implicated not only in clathrin-dependent 
and -independent vesicle formation from the 
PM but also in the early formation of the phago- 
cytic cup, Golgi intracisternal transport, and 
“comet”-based vesicle formation from the TGN. 
Thus, the same phosphoinositide appears to be 
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essential in multiple distinct vesicle- 
formation processes at the PM and the 
Golgi. The lipid environment, therefore, 
seems to be similar in some aspects be- 
tween these two sites, although the exact 
lipid composition of vesicles (formed 
from the PM and TGN) most likely 
exhibits differences. Although they are 
important, lipids alone do not provide for 
complete specificity; some additional 
identity is provided by small GTPases. 

The ARF family of small GTPases 
plays an important role in regulating 
vesicle formation in the secretory as 
well as endocytic pathways (22). When 
active in the GTP-bound state, ARF1 
recruits the Golgi-associated adaptor 
AP-1 to the TGN. Thus, TGN targeting 
of AP-1 is achieved by interaction with 
both the Golgi-enriched PI4P and active 
ARF1. A similar dependence on ARF 
family members for CCV formation 
also exists at the PM in some instances. 
For example, the ARF family member 
ARF6, which resides primarily at the 
PM, participates in clathrin-mediated 
endocytosis in polarized epithelial cells 
and interacts with the PM adaptor AP-2 
to modulate CCV formation (23). A 
general function for ARF6 in CCV for- 
mation, however, is not present in all 
cell types. 

At the TGN, another family of adaptor 
proteins, the GGAs, functions along with 
the AP-based sorting system (16, 17). 
Like AP-1, the recruitment of GGAs 
to the Golgi is dependent on ARF1 
(24). In addition, GGAs may function 
along with AP-1 in the generation of 
a subset of CCVs targeted to lysosomes. 
In this regard, it is noteworthy that the 
GGAs mediate the sorting of lysosome- 
targeted proteins through binding to 
dileucine motifs distinct from those rec- 
ognized by AP-1. Whereas AP-1 binds 
to [DE]XXXL[LI] motifs, GGAs bind 
to Asp-X-X-Leu-Leu motifs. 

The GGAs also contain a protein 
domain that binds ubiquitin (25, 26). 
The ubiquitin modification appears to be 
used as a mechanism to initiate the sort- 
ing of nascent proteins at the TGN that 
are to be targeted to the vacuole in yeast 
(27, 28). Although such a mechanism 
has not been demonstrated in mammali- 
an cells, ubiquitin modification is used 
by the endocytic machinery at the PM 
to sort endocytosed proteins to endo- 
somes and subsequently lysosomes for 
degradation (27, 29, 30). Thus, ubiquitin 
sorting signals may be used at both 
vesicle-formation sites but are recog- 
nized by different ubiquitin-binding pro- 
teins: GGAs at the TGN and adaptor 
proteins, such as Eps15 and Epsin, at the 
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Fig. 1. The PM and Golgi apparatus as sister sites that communicate 
via a tubular-vesicular membrane continuum. (A) Vesicle trafficking 
between the PM (blue) and TGN (green) is shown as a continuum 
indicated by the shift between blue and green and designed to 
represent the communication of membranes and vesiculation machin- 
ery between the two sister sites. The “T” symbols and solid black lines 
along the outside of vesicles and organelles represent clathrin and 
nonclathrin coats, respectively. The gray coloration of the endoplasmic 
reticulum, cis-Golgi, and medial-Golgi is meant to indicate a sorting 
and vesiculation machinery distinct from that used by the TGN and PM. 
(B and C) Fluorescence micrograph of a cell costained for clathrin (B) 
and the B subunits of AP-1 and AP-2 (C), indicating similarities in 
coat-protein components present at the PM and TGN. 


PM. Epsl5 was first identified in a 
search for EGF receptor substrates (3/) 
and functions in CCV formation at the 
PM (32). Epsin, on the other hand, was 
identified as a result of its binding to 
Eps15 through Asn-Pro-Phe motifs 
present in the C terminus of Epsin and 
Eps15 homology domains present in the 
N terminus of Eps15 (33). In addition to 
binding to each other, both Eps15 and 
Epsin also bind to AP-2 (33-35) and con- 
tain ubiquitin interacting motifs (UIMs) 
(25). These UIMs mediate the binding 
of Eps15 and Epsin to ubiquitinated EGF 
receptors after ligand stimulation and are 
also necessary for the ubiquitination of 
the proteins themselves. Because Eps15 
and Epsin interact with each other, with 
the components of the CCV-formation 
machinery, and with ubiquitinated EGF 
receptors, these attributes may provide a 
means to sequester and sort activated 
EGF receptors for internalization and 
degradation (29, 30). In addition to func- 
tioning at the PM, Eps15 has also been 
localized to the TGN, where it binds to 
AP-1 through the y-adaptin appendage 
domain (36). Thus, Eps15 and GGAs, 
in conjunction with AP-1, might medi- 
ate the sorting of ubiquitinated cargo at 
the TGN. 


Lipid-Membrane Binding, Bending, 
and Pinching 

Membrane curvature and severing at the 
PM and TGN after cargo sequestration 
are essential aspects of vesicle forma- 
tion and are dependent on the cumula- 
tive contribution of lipids, proteins, and 
lipid-protein interactions (37-39). As for 
the coat-cargo sorting scaffold, the 
vesiculation machinery is highly redun- 
dant at both sites and uses many of the 
same types of lipid-binding scaffold 
proteins and classes of lipid-modifying 
enzymes (Fig. 2 and table S1). Many of 
these lipid-binding proteins contain one 
of two motifs that are present from yeast 
to mammals: the Epsin N-terminal 
homology/AP180 N-terminal homology 
(ENTH/ANTH) domain (40-42) and the 
Bin-amphiphysin-Rvs161/167p (BAR) do- 
main (43, 44). 

As the name implies, the ENTH do- 
main was originally identified as a protein 
module present in Epsin. Subsequent- 
ly, the ANTH domain was identified 
in the brain-specific AP180 protein, 
which mediates CCV formation. A non- 
neuronal homolog of AP180, termed 
clathrin-assembly lymphoid myeloid leu- 
kemia protein, that contains an ANTH 
domain and is involved in CCV forma- 
tion also exists. Both the ENTH and 
ANTH domains bind to inositol phos- 
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pholipids, exhibiting a preference for PIP,, but 
through somewhat different mechanisms (4/, 42). 
Outside of the ENTH/ANTH domains, these pro- 
teins are divergent, but all contain motifs sup- 
portive of a role in endocytic CCV formation 
(42). Although the mechanism by which ANTH 


domain—containing proteins deform membranes 
is not totally clear, more information is known 
about ENTH proteins. The ENTH domain of 
Epsin is thought to bind to PM regions rich in 
PIP, and, through membrane insertion, to sup- 
port membrane deformation in synergy with 
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Fig. 2. Common membrane-tubulating proteins at the PM and 
TGN. (A) Similar protein players are used to bind and deform lipids 
at both the PM and TGN. Along with conventional clathrin coats 
and adaptors, a variety of BAR and F-BAR/EFC domain—containing 
proteins bind and deform membranes into tubules, in preparation 
for vesiculation in concert with the large GTPase Dyn and the actin 
cytoskeleton. (B and C) Electron micrographs of negative-stained 
liposomes tubulated in vitro by the addition of purified BAR 
domain-containing proteins present at the PM [amphiphysin | in 
(B)] and TGN [endophilin B in (©)]. (D and E) Fluorescence micro- 
graphs indicating the tubulating action of the BAR domain— 
containing proteins amphiphysin | (D) and endophilin 3 (E) within 
the confines of living cells upon their overexpression. Insets show 
higher magnifications of the boxed regions, emphasizing the mas- 
sive membrane tubulation induced by these proteins. Different 
family members of both of these tubulating proteins have been 
localized to either the PM or TGN. [(B) and (C) are reproduced from 
(52) with permission from The Rockefeller University Press; (D) is 
reproduced from (44) with permission from the American Asso- 
ciation for the Advancement of Science; and (E) is reproduced from 
(57) with permission from Elsevier.] 
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other effector proteins, such as 
AP-2 and clathrin (39, 45). 
Some proteins containing 
ENTH/ANTH domains support 
clathrin-mediated endocytosis, 
whereas other ENTH/ANTH 
domain—containing proteins, such 
as Epsin-related (EpsinR) and 
HIP1/HIP1-related (HIPIR), are 
involved in CCV formation at 
the TGN or TGN and PM, re- 
spectively (40, 42, 46). EpsinR, 
also known as Enthoprotin and 
Clint, has a clathrin-binding mo- 
tif, like Epsin; but rather than an 
AP-2-binding motif; EpsinR con- 
tains an AP-1/GGA2-binding 
motif and exhibits a slight pref- 
erence for the TGN-enriched 
PI4P, making this modified Epsin 
well suited for TGN function. 
HIP1/HIPIR, on the other hand, 
is involved in CCV formation 
(both at the PM and TGN) and 
provides a link between CCV for- 
mation and actin dynamics (47). 
A second recently identified 
protein domain with membrane- 
binding properties is the BAR 
domain (43, 44). This domain is 
present in many proteins with 
roles in membrane dynamics, 
including membrane tubulation 
and ruffling. In its simplest form, 
the BAR domain functions as a 
membrane curvature—sensing 
module, meaning that the exact 
curvature of a membrane affects 
the binding of proteins with this 
type of BAR domain (44). How- 
ever, some proteins contain an 
N-BAR domain, where an un- 
structured amphipathic helix is 
also present N-terminal to the 
BAR domain. The presence of 
this amphipathic helix in addi- 
tion to the BAR domain seems to 
allow these proteins to both sense 
and induce membrane curvature, 
presumably toward vesicle forma- 
tion and scission. Amphiphysin, 
which contains an N-BAR do- 
main, is able to bind and tubu- 
late membranes both in vitro 
and in vivo (Fig. 2, B and D) 
and is involved in CCV forma- 
tion during endocytosis. Amphi- 
physin may function at late stages 
of vesicle formation, when a 
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membrane tubule or neck would be generated 
just before severing of the vesicle from its do- 
nor membrane (37). Other proteins containing 
BAR domains have been identified that also 
play a role in endocytosis, including endophilin 
and sorting nexin 9 (43, 44, 48-50). At the TGN, 
variants of amphiphysin and endophilin are 
present and exhibit functions independent of en- 
docytosis (5/—53). Sorting nexin 9, in contrast, 
has been demonstrated to bind to both the a 
subunit of AP-2 (48, 49, 54) and the y subunit of 
AP-1 (49, 55). Thus, a series of related ENTH/ 
ANTH and BAR domain-containing proteins 
with membrane-deforming properties has been 
superimposed on the clathrin-adaptor sorting 
machinery to initiate the tubulation and vesicu- 
lation of sequestered cargo from both the PM 
and the TGN. 


Vesicle Scission 

The actin cytoskeleton, in tandem with an 
extended family of membrane-tubulating and 
-severing proteins, may provide the final mechan- 
ical action to liberate nascent vesicles from both 
sister sites (Fig. 3 and table S1) (46, 47, 56-61). 
Several actin-binding proteins, some of which 
also have lipid-binding properties, participate in 
the act of deforming both the PM and TGN do- 
nor membranes in concert with the large GTPase 
dynamin (Dyn) (56-59, 61, 62). Dyn is well 
known for its role as a molecular pinchase that 
assembles as an oligomeric complex in the 
form of spirals on lipid tubules and at the neck 
of nascent vesicle buds to help mediate the 
scission process upon GTP hydrolysis (63-65). 
Once thought to function exclusively in clathrin- 
mediated endocytosis at the PM, Dyn has since 
been found to mediate multiple forms of vesicle 
formation and to function at many cellular or- 
ganelles, including the TGN (66). Conserved 
Dyn-independent fission mechanisms also exist 
at the PM and TGN, one example of which is 
vesicle formation mediated by C-terminal binding 
protein 3/brefeldin A-ribosylated substrate 
(CtBP3/BARS) (67). In epithelial cells, CtBP3/ 
BARS mediates the Dyn-independent fission 
of basolateral transport carriers from the TGN 
and fluid-phase endocytosis; however, the exact 
mechanism of fission is unclear. 

A subset of actin-regulatory proteins bind the 
proline-rich domain (PRD) of Dyn and also have 
membrane-deforming properties (56, 57). These 
proteins contain a Fes/CIP4 homology (FCH) 
domain adjacent to a region that shares some 
homology with the C-terminal half of the BAR 
domain; thus, this domain was termed F-BAR 
for FCH and BAR (57) and EFC for extended 
FC (56). As for BAR domain—containing pro- 
teins, F-BAR/EFC domain—containing proteins 
exhibit membrane tubulation activity both in 
vitro and in vivo. Further, many of these proteins 
bind to Dyn through a Src-homology 3 (SH3) 
domain—PRD-based interaction to support mem- 
brane tubulation and vesiculation (57). Just as 
some BAR domain-containing proteins are 
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Fig. 3. The vesicle fission machinery and an associated actin cytoskeleton act 
in concert to liberate nascent vesicles from both the PM and TGN. (A) A 
complex actin cytoskeletal network centered around proteins involved in mem- 
brane fission functions together with the clathrin-based sorting and budding 


present at the PM and TGN, the F-BAR/EFC 
domain—containing protein syndapin, also called 
PACSIN, has been implicated in vesicle forma- 
tion from both the PM and TGN (6/, 68). Thus, 
these studies implicate a synergistic action among 
Dyn, actin, and F-BAR/EFC domain-containing 
proteins during vesicle formation from both of 
these sister sites. 

Vesicle formation at either the PM or TGN 
might include a dynamic structural scaffold on 
which the membrane can be tubulated and vesic- 
ulated by a protein complex containing several 
actin- and lipid-binding proteins. Thermody- 
namically, this scission process is no small task. 
Thus, it is not surprising that a tag team approach 
that uses multiple structural and lipid-deforming 
proteins, as well as force-generating enzymes, 
would be required to work together in concert to 
liberate nascent vesicles from a stable membrane 
bilayer. 


Future Directions 


The similarities between the clathrin-based ve- 
siculation machinery at both the PM and TGN 
are strong. Although differences do exist, it is 
clear that a central theme of vesicle formation 
has evolved within the continuum of the two 
related but distinct sorting stations. With the 
rapid and overwhelming identification of many 
previously unrecognized adaptors, lipid-binding 
and -modifying enzymes, and cytoskeletal com- 
ponents, the task is now to define how all of 
these players interact with each other within the 
confines of a living cell, how they are reg- 
ulated during the endocytic and secretory pro- 
cesses, and how they malfunction during human 
disease. 
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Near-Field Microscopy Through 


a SiC Superlens 
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iffraction limits the spatial resolution of 
De« optical microscopy to about 

one-half of the illuminating wave- 
length. In scanning near-field optical micros- 
copy (SNOM) (J), the use of a nanofocus 
generated by a tiny hole (aperture) in the 
metallic coating of a tapered glass fiber tip that 
is raster-scanned over the object of interest can 
overcome the diffraction limit. Alternately, in 
its apertureless (2) or scattering (3) version 
(s-SNOM), the nanofocus is defined by the 
presence of strongly confined electro- 
magnetic fields at the apex of a metal- 
lic probe tip. In both cases, the probe 
must be very close to the investigated 
object, which limits SNOM applica- 
tions to surface studies. We combine 
near-field microcopy with a phenom- 
enon called “superlensing” that allows 
for subwavelength-scale resolved imag- 
ing of buried objects. 

A superlens uses a thin slab of a 
material with a negative permittivity, 
e, to form a high-resolution optical 
image at the opposing side of the slab 
(4-6). In our experiment, we placed 
a SiC superlens (7) between the scan- 
ning probe tip of an infrared s-SNOM 
and objects located 880 nm below 
the tip. The superlens (Fig. 1A) is a 
440-nm-thick single-crystalline SiC 
membrane coated on both sides with 
220-nm-thick SiO, layers (7). The 
two surfaces of the sandwich corre- 
spond to the object and the image 
planes of the lens, respectively. The 
object plane is covered by a Au film 
patterned with holes of different di- 
ameters and separations (Fig. 1B). In 
contrast to the first indirect demon- 
stration of superlensing of a SiC slab 
concluded from enhanced transmis- 
sion experiments (7), we directly map 
the image plane with a s-SNOM (3), 
recording both the amplitude and 
the phase of the optical field distri- 
bution (8). In our experiment, the su- 
perlens is operated in reflection mode 
where illumination and detection are 
carried out from the same side of the 
superlens. This extends its applica- 
bility to samples located on opaque 
substrates. 
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At mid-infrared wavelengths, 1 close to 
11 um, where superlensing is expected (7), the 
infrared amplitude (Fig. 1C) and phase images 
(Fig. 1D) resolve the 1200-nm and 860-nm 
holes. Even the smaller 540-nm holes exhibit 
sufficient optical contrast to allow for the de- 
tection of A/20-sized objects 880 nm away 
from the near-field probe. A control image is 
taken at a wavelength of A = 9.25 um, where 
the superlensing condition (8) is not satisfied. 
The image (Fig. 1E) does not exhibit optical 


+ spatial frequency k, [2n/jum} 


af 2 
3 


ole 


Fig. 1. Near-field microscopy through a 880-nm-thick 
superlens structure: (A) Experimental setup. (B) Scanning 
electron micrograph (mirrored) of the object plane, 
showing holes in a 60-nm-thick Au film. (C) Infrared 
amplitude in the image plane at A = 10.85 jum where 
superlensing is expected. (D) Infrared phase contrast (1 = 
11.03 jm). (E) Control image showing infrared ampli- 
tude at A = 9.25 um (no superlensing). (F) Fourier 
tranforms of line scans taken from amplitude images of a 
grating (~3 «um period, averaged over 26 scan lines), 
normalized to unity for zero frequency. High spatial fre- 
quencies (up to the grating’s fourth harmonic) are imaged 
by the superlens/s-SNOM system around 4 ~ 10.84 um 
wavelength. 


contrast demonstrating that s-SNOM alone 
cannot resolve the objects 880 nm below the 
surface. 

To quantify the resolution enhancement 
provided by the superlens, a grating with a ~3-um 
period and a 440-nm slit width was imaged. 
The Fourier transforms of line scans taken 
perpendicularly to the slits (Fig. 1F) show that 
high spatial frequencies, up to the grating’s 
fourth harmonic, can be recovered only in a 
narrow spectral range (around A ~ 10.84 um), 
demonstrating the resonant character of the 
imaging process by a superlens. In resonance 
the spatial resolution of the subsurface features 
is enhanced by a factor of four compared with 
near-field imaging without superlensing of the 
SiC slab (e.g., at A = 9.47 um). 

Superlens-based near-field microscopy is 
neither restricted to SiC lenses nor to infrared 
wavelengths. It can be applied from visible to 
terahertz frequencies where superlensing can be 
provided by flat metal films, thin slabs of polar 
crystals, or even by artificial media (9) such as 
metamaterials and photonic crystals. It thus 
opens the door for high-resolution optical im- 
aging of various manmade or biological nano- 
structures not directly accessible by a near-field 
probe. 
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We report the draft genome of the black cottonwood tree, Populus trichocarpa. |ntegration of shotgun 
sequence assembly with genetic mapping enabled chromosome-scale reconstruction of the genome. 
More than 45,000 putative protein-coding genes were identified. Analysis of the assembled genome 
revealed a whole-genome duplication event; about 8000 pairs of duplicated genes from that event 
survived in the Populus genome. A second, older duplication event is indistinguishably coincident with 


the divergence of the Populus and Arabidopsis lineages. Nucleotide substitution, tandem gene 
duplication, and gross chromosomal rearrangement appear to proceed substantially more slowly in 
Populus than in Arabidopsis. Populus has more protein-coding genes than Arabidopsis, ranging on 
average from 1.4 to 1.6 putative Populus homologs for each Arabidopsis gene. However, the relative 
frequency of protein domains in the two genomes is similar. Overrepresented exceptions in Populus 
include genes associated with lignocellulosic wall biosynthesis, meristem development, disease 


resistance, and metabolite transport. 


of Earth’s terrestrial surface, harbor sub- 

stantial biodiversity, and provide humanity 
with benefits such as clean air and water, lumber, 
fiber, and fuels. Worldwide, one-quarter of all 
industrial feedstocks have their origins in forest- 
based resources (/). Large and long-lived forest 
trees grow in extensive wild populations across 
continents, and they have evolved under selective 
pressures unlike those of annual herbaceous plants. 
Their growth and development involves extensive 
secondary growth, coordinated signaling and dis- 
tribution of water and nutrients over great dis- 
tances, and strategic storage and redistribution of 
metabolites in concordance with interannual cli- 
matic cycles. Their need to survive and thrive in 
fixed locations over centuries under continually 
changing physical and biotic stresses also sets them 
apart from short-lived plants. Many of the features 
that distinguish trees from other organisms, 
especially their large sizes and long-generation 
times, present challenges to the study of the 
cellular and molecular mechanisms that underlie 
their unique biology. To enable and facilitate such 
investigations in a relatively well-studied model 


Fe= cover 30% (about 3.8 billion ha) 


tree, we describe here the draft genome of black 
cottonwood, Populus trichocarpa (Torr. & Gray), 
and compare it to other sequenced plant genomes. 

P. trichocarpa was selected as the model 
forest species for genome sequencing not only 
because of its modest genome size but also 
because of its rapid growth, relative ease of 
experimental manipulation, and range of avail- 
able genetic tools (2, 3). The genus is pheno- 
typically diverse, and interspecific hybrids 
facilitate the genetic mapping of economically 
important traits related to growth rate, stature, 
wood properties, and paper quality. Dozens of 
quantitative trait loci have already been mapped 
(4), and methods of genetic transformation have 
been developed (5). Under appropriate con- 
ditions, Populus can reach reproductive maturi- 
ty in as few as 4 to 6 years, permitting selective 
breeding for large-scale sustainable plantation 
forestry. Finally, rapid growth of trees coupled 
with thermochemical or biochemical conver- 
sion of the lignocellulosic portion of the plant 
has the potential to provide a renewable energy 
resource with a concomitant reduction of green- 
house gases (6-8). 


Sequencing and Assembly 
A single female genotype, “Nisqually 1,” was 
selected and used in a whole-genome shotgun 
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sequence and assembly strategy (9). Roughly 7.6 
million end-reads representing 4.2 billion high- 
quality (i.e, Q20 or higher) base pairs were 
assembled into 2447 major scaffolds containing 
an estimated 410 megabases (Mb) of genomic 
DNA (tables S1 and S2). On the basis of the depth 
of coverage of major scaffolds (~7.5 depth) and 
the total amount of nonorganellar shotgun 
sequence that was generated, the Populus 
genome size was estimated to be 485 + 10 Mb 
(+SD), in rough agreement with previous 
cytogenetic estimates of about 550 Mb (J0). 
The near completeness of the shotgun assembly 
in protein-coding regions is supported by the 
identification of more than 95% of known 
Populus cDNA in the assembly. 

The ~75 Mb of unassembled genomic se- 
quence is consistent with cytogenetic evidence 
that ~30% of the genome is heterochromatic (9). 
The amount of euchromatin contained within the 
Populus genome was estimated in parallel by 
subtraction on the basis of direct measurements 
of 4’,6-diamidino-2-phenylindole-stained pro- 
phase and metaphase chromosomes (fig. S4). 
On average, 69.5 + 0.3% of the genome consisted 
of euchromatin, with a significantly lower pro- 
portion of euchromatin in linkage group I (LGI) 
(66.4 + 1.1%) compared with the other 18 chro- 
mosomes (69.7 + 0.03%, P < 0.05). In contrast, 
Arabidopsis chromosomes contain roughly 93% 
euchromatin (//). The unassembled shotgun se- 
quences were derived from variants of organellar 
DNA, including recent nuclear translocations; 
highly repetitive genomic DNA; haplotypic 
segments that were redundant with short subseg- 
ments of the major scaffolds (separated as a result 
of extensive sequence polymorphism and allelic 
variants); and contaminants of the template DNA, 
such as endophytic microbes inhabiting the leaf 
and root tissues used for template preparation (/2) 
(fig. S1 and table S3). The end-reads correspond- 


Table 1. Characterization of polymorphisms 
according to their positions relative to predicted 
coding sequences, introns, and untranslated regions 
(UTRs). Rate shows the percentage of potential sites 
of each class that were polymorphic. Most indels 
within exons resulted in frame shifts, but we could 
not quantify this due to difficulties with assembly 
and sequencing of regions containing indels. 
Nonsense mutations created stop codons within 
predicted exons. 


eae Number of Rate 
loci (%) 
Noncoding 1,027,322 0.32 
INTRON 141,199 0.25 
3’UTR 6,731 0.25 
5’UTR 3,306 0.24 
Exon 62,656 0.14 
Within exons: 
Indels 2,722 0.01 
Nonsense 926 0.02 
Nonsynonymous 32,207 0.10 
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ing to chloroplast (fig. S5) and mitochondrial 
genomes were assembled into circular genomes 
of 157 and 803 kb, respectively (9). 

We anchored the 410 Mb of assembled 
scaffolds to a sequence-tagged genetic map (fig. 
S3). In total, 356 microsatellite markers were used 
to assign 155 scaffolds (335 Mb of sequence) to 
the 19 P. trichocarpa chromosome-scale linkage 
groups (/3). The vast majority (91%) of the 
mapped microsatellite markers were colinear with 
the sequence assembly. At the extremes, the 
smallest chromosome, LGIX [79 centimorgans 
(cM)], is covered by two scaffolds containing 12.5 
Mb of assembled sequence, whereas the largest 
chromosome, LGI (265 cM), contains 21 scaffolds 
representing 35.5 Mb (fig. S3). We also generated 
a physical map based on bacterial artificial 
chromosome (BAC) fingerprint contigs using a 
Nisqually-1 BAC library representing an estimated 
9.5-fold genome coverage (fig. S2). Paired BAC- 
end sequences from most of the physical map were 
linked to the large-scale assembly, permitting 2460 
of the physical map contigs to be positioned on the 
genome assembly. Combining the genetic and 
physical map, nearly 385 Mb of the 410 Mb of 
assembled sequence are placed on a linkage group. 

Unlike Arabidopsis, where predominantly 
self-fertilizing ecotypes maintain low levels of 
allelic polymorphism, Populus species are pre- 
dominantly dioecious, which results in obligate 
outcrossing. This compulsory outcrossing, along 
with wind pollination and wind-dispersed plu- 
mose seeds, results in high levels of gene flow 
and high levels of heterozygosity (that is, within 
individual genetic polymorphisms). Within the 
heterozygous Nisqually-1 genome, we identified 
1,241,251 single-nucleotide polymorphisms 
(SNPs) or small insertion/deletion polymor- 
phisms (indels) for an overall rate of approxi- 
mately 2.6 polymorphisms per kilobase. Of these 
polymorphisms, the overwhelming majority 
(83%) occurred in noncoding portions of the 
genome (Table 1). Short indels and SNPs within 
exons resulted in frameshifts and nonsense stop 
codons within predicted exons, respectively, sug- 
gesting that null alleles of these genes exist in one 
of the haplotypes. Some of the polymorphisms 
may be artifacts from the assembly process, 
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although these errors were minimized by using 
stringent criteria for SNP identification (9). 


Gene Annotation 


We tentatively identified a first-draft reference set 
of 45,555 protein-coding gene loci in the Populus 
nuclear genome (www.jgi.doe.gov/poplar) 
using a variety of ab initio, homology-based, 
and expressed sequence tag (EST)}-based meth- 
ods (14-17) (table S5). Similarly, 101 and 52 
genes were annotated in the chloroplast and mito- 
chondrial genomes, respectively (9). To aid the 
annotation process, 4664 full-length sequences, 
from full-length enriched cDNA libraries from 
Nisqually 1, were generated and used in 
training the gene-calling algorithms. Before 
gene prediction, repetitive sequences were char- 
acterized (fig. S15 and table S14) and masked; 
additional putative transposable elements were 
identified and subsequently removed from the 
reference gene set (9). Given the current draft 
nature of the genome, we expect that the gene 
set in Populus will continue to be refined. 
About 89% of the predicted gene models had 
homology [expectation (Z) value < 1 x 107®] to 
the nonredundant (NR) set of proteins from the 
National Center for Biotechnology Information, 
including 60% with extensive homology that 
spans 75% of both model and NR protein lengths. 
Nearly 12% (5248) of the predicted Populus 
genes had no detectable similarity to Arabidopsis 
genes (E value < 1 x 107%); conversely, in the 
more refined Arabidopsis set, only 9% (2321) of 
the predicted genes had no similarity to the 
Populus reference set. Of the 5248 Populus genes 
without Arabidopsis sumilarity, 1883 have expres- 
sion evidence from the manually curated Populus 
EST data set, and of these, 274 have no hits (£ 
value > 1 x 1073) to the NR database (9). 
Whole-genome oligonucleotide microarray analy- 
sis provided evidence of tissue-based expression 
for 53% of the reference gene models (Fig. 1). In 
addition, a signal was detected from 20% of 
genes that were initially annotated and excluded 
from the reference set, suggesting that as many 
as 4000 additional genes (or gene fragments) 
may be present. Within the reference gene set, 
we identified 13,019 pairs of orthologs between 


Fig. 1. Whole-genome ol- r 
igonucleotide microarray 
expression data for all pre- 
dicted gene models in P 
trichocarpa. Values repre- 
sent the proportion of genes 
expressed above negative 
controls at a 5% false dis- 
covery rate. The x axis rep- 
resents the subsets of 
predicted genes that were 
analyzed for the annotated 
and promoted P. trichocarpa 
gene set (42,373 genes), 
chloroplast gene set (49 
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genes in Populus and Arabidopsis using the 
best bidirectional Basic Local Alignment 
Search Tool (BLAST) hits, with average 
mutual coverage of these alignments equal to 
93%; 11,654 pairs of orthologs had greater 
than 90% alignment of gene lengths, whereas 
only 156 genes had less than 50% coverage. As 
of 1 June 2006, ~ 10% (4378) gene models have 
been manually validated and curated. 


Genome Organization 


Genome duplication in the Salicaceae. Populus 
and Arabidopsis lineages diverged about 100 to 
120 million years ago (Ma). Analysis of the 


Fig. 2. Chromosome-level re- 
organization of the most recent 
genome-wide duplication event in 
Populus. Common colors refer to 
homologous genome blocks, pre- 


sumed to have arisen from the xx EE 
salicoid-specific genome duplication x 
65 Ma, shared by two chromosomes. xvi CREE (0.0) 
Chromosomes are indicated by their x 


linkage group number (I to XIX). The 
diagram to the left uses the same 
color coding and further illustrates 
the chimeric nature of most linkage 
groups. 
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Populus genome provided evidence of a more 
recent duplication event that affected roughly 92% 
of the Populus genome. Nearly 8000 pairs of 
paralogous genes of similar age (excluding tandem 
or local duplications) were identified (Fig. 2). The 
relative age of the duplicate genes was estimated 
by the accumulated nucleotide divergence at 
fourfold synonymous third-codon transversion 
position (4DTV) values. A sharp peak in 4DTV 
values, corrected for multiple substitutions, 
representing a burst of gene duplication, is evident 
at 0.0916 + 0.0004 (Fig. 3A). Comparison of 1825 
Populus and Salix orthologous genes derived 
from Salix EST suggests that both genera share 
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this whole-genome duplication event (Fig. 3B). 
Moreover, the parallel karyotypes and collinear 
genetic maps (J8) of Salix and Populus also 
support the conclusion that both lineages share 
the same large-scale genome history. 

If we naively calibrated the molecular clock 
using synonymous rates observed in the Brassica- 
ceae (9) or derived from the Arabidopsis-Oryza 
divergence (20), we would conclude that the 
genome duplication in Populus is very recent [8 
to 13 Ma, as reported by Sterk (2/)]. Yet the 
fossil record shows that the Populus and Salix 
lineages diverged 60 to 65 Ma (22-25). Thus, the 
molecular clock in Populus must be ticking at only 


30/ 
25 


20 
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120 
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Fig. 3. (A) The 4DTV metrics for paralogous gene pairs in Populus- 
Populus and Populus-Arabidopsis. Three separate genome-wide duplica- 
tions events are detectable, with the most recent event contained within 
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the Salicaceae and the middle event apparently shared among the 
Eurosids. (B) Percent identity distributions for mutual best EST hit to 
Populus trichocarpa CDS. 
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one-sixth the estimated rate for Arabidopsis (that is, 
8 to 13 Ma divided by 60 to 65 Ma). Qualitatively 
similar slowing of the molecular clock is found in 
the Populus chloroplast and mitochondrial 
genomes (9). Because Populus is a long-lived 
vegetatively propagated species, it has the potential 
to successfully contribute gametes to multiple 
generations. A single Populus genotype can 
persist as a clone on the landscape for millennia 
(26), and we propose that recurrent contributions 
of “ancient gametes” from very old individuals 
could account for the markedly reduced rate of 
sequence evolution. As a result of the slowing of 
the molecular clock, the Populus genome most 
likely resembles the ancestral eurosid genome. 

To test whether the burst of gene creation 60 to 
65 Ma was due to a single whole-genome event or 
to independent but near-synchronous gene dupli- 
cation events, we used a variant of the algorithm of 
Hokamp et al. (27) to identify segments of 
conserved synteny within the Populus genome. 
The longest conserved syntenic block from the 
4DTV ~0.09 epoch spanned 765 pairs of 
paralogous genes. In total, 32,577 genes were 
contained within syntenic blocks from the salicoid 
epoch; half of these genes were contained in 
segments longer than 142 paralogous pairs. The 
same algorithm, when applied to randomly 
shuffled genes, typically yields duplicate blocks 
with fewer than 8 to 9 genes, indicating that the 
Populus gene duplications occurred as a single 
genome-wide event. We refer to this duplication 
event as the “salicoid” duplication event. 

Nearly every mapped segment of the Populus 
genome had a parallel “paralogous” segment 
elsewhere in the genome as a result of the 
salicoid event (Fig. 2). The pinwheel patterns can 
be understood as a whole-genome duplication 
followed by a series of reciprocal tandem terminal 
fusions between two separate sets of four chro- 
mosomes each—the first involving LGII, V, VII, 
and XIV and the second involving LGI, XI, IV, 
and IX. In addition, several chromosomes appear 
to have experienced minor reorganizational 
exchanges. Furthermore, LGI appears to be the 
result of multiple rearrangements involving three 
major tandem fusions. These results suggest that 
the progenitor of Populus had a base chromosome 
number of 10. After the whole-genome duplication 
event, this base chromosome number experienced 
a genome-wide reorganization and diploidization 
of the duplicated chromosomes into four pairs of 
complete paralogous chromosomes (LGVI, VIII, 
X, XII, XI, XV, XVI, XVIII, and XIX); two sets 
of four chromosomes, each containing a terminal 
translocation (LGI, II, IV, V, VII, [X, and XI); and 
one chromosome containing three terminally 
joined chromosomes (LGIII with I or XVII with 
VID. The colinearity of genetic maps among 
multiple Populus species suggests that the 
genome reorganization occurred before the evo- 
lution of the modern taxa of Populus. 

Genome duplication in a common ances- 
tor of Populus and Arabidopsis. The distribu- 
tion of 4DTV values for paralogous pairs of genes 
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also shows that a large fraction of the Populus 
genome falls in a set of duplicated segments 
anchored by gene pairs with 4DTV at 0.364 + 
0.001, representing the residue of a more ancient, 
large-scale, apparently synchronous duplication 
event (Fig. 3A). This relatively older duplication 
event covers about 59% of the Populus genome 
with 16% of genes in these segments present in 
two copies. Because this duplication preceded 
and is therefore superimposed upon the salicoid 
event, each genomic region is potentially 
covered by four such segments. Similarly, the 
Arabidopsis genome experienced an older 
“beta”? duplication that preceded the Brassica- 
ceae-specific “alpha” event (28-32). 

We next asked whether the Arabidopsis 
“beta” (30, 32) and Populus 4DTV ~0.36 du- 
plication events were (i) independent genome- 
wide duplications that occurred after the split from 
the last common eurosid ancestor (H,) or (ii) a 
single shared duplication event that occurred in an 
ancestral lineage (i.e., before the divergence of 
eurosid lineages I and II) (H,). These two 
hypotheses have very different implications for 
the interpretation of homology between Populus 
and Arabidopsis. Under H,, each genomic 
segment in one species is homologous to four 
segments in the other; whereas under H,, each 
segment is homologous to only two segments in 
the other species. These hypotheses were tested 
by comparing the relative distances between gene 
pairs sampled within and between Populus and 
Arabidopsis. H., was generally supported (9), but 
we could not reject H,. We can only conclude 
that the Populus genome duplication occurred 
very close to the time of divergence of the 
eurosid I and II lineages (9), with slight support 
for a shared duplication. This coincident timing 
raises the possibility of a causal link between 
this duplication and rapid diversification early 
in eurosid (and perhaps core eudicot) history. 
We refer to this older Populus/Arabidopsis 
duplication event as the ‘“‘eurosid’”’ duplication 
event. We note that the salicoid duplication 
occurred independently of the eurosid duplica- 
tion observed in the Arabidopsis genome. 


Gene Content 


Although Populus has substantially more pro- 
tein-coding genes than Arabidopsis, the relative 
frequency of domains represented in protein 
databases (Prints, Prosite, Pfam, ProDom, and 
SMART) in the two genomes is similar (9). 
However, the most common domains occur in 
Populus compared with Arabidopsis in a ratio 
ranging from 1.4:1 to 1.8:1. Noteworthy outliers 
in Populus include genes and gene domains 
associated with disease and insect resistance (such 
as, in Populus versus Arabidopsis, respectively: 
leucine-rich repeats, 1271 versus 527; NB-ARC 
domain, 302 versus 141; and thaumatin, 55 versus 
24), meristem development (such as NAC 
transcription factors, 157 versus 100, respec- 
tively), and metabolite and nutrient transport 
[such as oligopeptide transporter of the proton- 
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dependent oligopeptide transporter (POT) and 
oligopeptide transporter (OPT) families, 129 ver- 
sus 61, and potassium transporter, 30 versus 13, 
respectively]. 

Some domains were underrepresented in 
Populus compared with Arabidopsis. For exam- 
ple, the F-box domain was twice as prevalent in 
Arabidopsis as in Populus (624 versus 303, 
respectively). The F-box domain is involved in 
diverse and complex interactions involving 
protein degradation through the ubiquitin-26S 
proteosome pathway (33). Many of the ubiquitin- 
associated domains are underrepresented in 
Populus compared with Arabidopsis (for exam- 
ple, the Ulp/ protease family and the C-terminal 
catalytic domain, 10 versus 63, respectively). 
Moreover, the RING-finger domains are nearly 
equally present in both genomes (503 versus 
407, respectively), suggesting that protein deg- 
radation pathways in the two organisms are 
metabolically divergent. 

The common eurosid gene set. The Populus 
and Arabidopsis gene sets were compared to infer 
the conserved gene complement of their common 
eurosid ancestor, integrating information from 
nucleotide divergence, synteny, and mutual best 
BLAST-hit analysis (9). The ancestral eurosid 
genome contained at least 11,666 protein-coding 
genes, along with an undetermined number that 
were either lost in one or both of the lineages or 
whose homology could not be detected. These 
ancestral genes were the progenitors of gene 
families of typically one to four descendents in 
each of the complete plant genomes and account 
for 28,257 Populus and 17,521 Arabidopsis 
genes. Gene family lists are accessible at www. 
phytozome.net. The gene predictions in these 
two genomes that could not be accounted for in 
the eurosid clusters were often fragmentary or 
difficult to categorize, and we could not con- 
fidently assign orthology to them. They may 
include previously unidentified or rapidly evolv- 
ing genes in the Populus and/or Arabidopsis 
lineages, as well as poorly predicted genes. 

Noncoding RNAs. Based on a series of 
publicly available RNA detection algorithms 
(34), including tRNAScan-SE, INFERNAL, and 
snoScan, we identified 817 putative tRNAs; 22 
U1, 26 U2, 6 U4, 23 US, and 11 U6 spliceosomal 
small nuclear RNAs (snRNAs); 339 putative C/D 
small nucleolar RNAs (snoRNAs); and 88 
predicted H/ACA snoRNAs in the Populus 
assembly. All 57 possible anticodon tRNAs were 
found. One selenocysteine tRNA was detected and 
two possible suppressor tRNAs (anticodons that 
bind stop codons) were also identified. Populus 
has nearly 1.3 times as many tRNA genes as 
Arabidopsis. In contrast to Arabidopsis (fig. S7A), 
the copy number of tRNA in Populus was signifi- 
cantly and positively correlated with amino acid 
occurrence in predicted gene models (fig. S7B). 
The ratio of the number of snRNAs in Populus 
compared with the number in Arabidopsis is 1.3 to 
1.0, yet U1, U2, and US are overrepresented in 
Populus, whereas U4 is underrepresented. Further- 
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more, U14 was not detected in Arabidopsis. The 
snRNAs and snoRNAs have not been experimen- 
tally verified in Populus. 

There are 169 identified microRNA (miRNA) 
genes representing 21 families in Populus 
(table S7). In Arabidopsis, these 21 families 
contain 91 miRNA genes, representing a 1.9X 
expansion in Populus, primarily in miR169 and 
miR159/319. All 21 miRNA families have 
regulatory targets that appear to be conserved 
among Arabidopsis and Populus (table S8). 
Similar to the miRNA genes themselves, the 
number of predicted targets for these miRNA 
is expanded in Populus (147) compared with 
Arabidopsis (89). Similarly, the genes that 
mediate RNA interference (RNAi) are also 
overrepresented in Populus (21) compared to 
Arabidopsis (11) [e.g., AGO1 class, 7 versus 
3; RNA helicase 2 versus 1; HEN, 2 versus 1; 
HYL1-like (double-stranded RNA binding 
proteins), 9 versus 5, respectively]. 

Tandem duplications. In Populus there 
were 1518 tandemly duplicated arrays of two 
or more genes based on a Smith-Waterman 
alignment E value < 10775 and a 100-kb 
window. The total number of genes in such 
arrays was 4839 and the total length of 
tandemly duplicated segments in Populus was 
47.9 Mb, or 15.6% of the genome (fig. $8). By 
the same criteria, there are 1366 tandemly 
duplicated segments in Arabidopsis, covering 
32.4 Mb, or 27% of the genome. By far the 
most common number of genes within a single 
array was two, with 958 such arrays in Populus 
and 805 in Arabidopsis. Arabidopsis had a 
larger number of arrays containing six or more 
genes than did Populus. Tandem duplications 
thus appear to be relatively more common in 
Arabidopsis than in Populus. This may in part 
be due to difficulties in assembling tandem 
repeats from a whole-genome shotgun sequenc- 
ing approach, particularly when tandemly 
duplicated genes are highly conserved. Alter- 
natively, the Populus genome may be under- 
going rearrangements at a slower rate than the 
Arabidopsis genome, which is consistent with 
our observations of reduced chromosomal re- 
arrangements and slower nucleotide substitu- 
tion rates in Populus. 

In some cases, genes were highly duplicated 
in both species, and some tandem duplications 
predated the Populus-Arabidopsis split (9). The 
largest number of tandem repeats in Populus in 
a single array was 24 and contained genes with 
high homology to S locus-specific glycopro- 
teins. Genes of this class also occur as tandem 
repeats in Arabidopsis, with the largest seg- 
ments containing 14 tandem duplicates on 
chromosome 1. One of the InterPro domains 
in this protein, IPRO08271, a serine/threonine 
protein kinase active site, was the most frequent 
domain in tandemly repeated genes in both 
species (fig. S8). Other common domains in 
both species were the leucine-rich repeat 
(IPRO07090, primarily from tandem repeats of 


disease resistance genes), the pentatricopeptide 
repeat RNA-binding proteins (IPR002885), and 
the uridine diphosphate (UDP)-glucuronosyl/ 
UDP-glucosyltransferase domain (IPR002213) 
(table S9). 

In contrast, some genes were highly expanded 
in tandem duplicates in one genome and not in 
the other (fig. S8). For example, one of the most 
frequent classes of tandemly duplicated genes in 
Arabidopsis was F-box genes, with a total of 
342 involved in tandem duplications, the largest 
segment of which contained 24 F-box genes. 
Populus contains only 37 F-box genes in tan- 
dem duplications, with the largest segment con- 
taining only 3 genes. 


Postduplication Gene Fate 


Functional expression divergence. In Populus, 
20 of the 66 salicoid-event duplicate gene pairs 
contained in 19 Populus EST libraries (2.3% of 
the total) showed differential expression (9) 
[displaying significant deviation in EST frequen- 
cies per library (Fig. 4)]. Out of 18 eurosid-event 
duplicate gene pairs (2.7% of the total), 11 also 
displayed significant deviation in EST frequencies 
per library. Many of the duplicate gene pairs that 
displayed significant overrepresentation in one or 
more of the 19 sampled libraries were involved in 
protein-protein interactions (such as annexin) or 
protein folding (such as cyclophilins). In the 
eurosid set, there was a greater divergence in 
the best BLAST hit among pairwise sets of genes. 
These results support the premise of functional 
expression divergence among some duplicated 
gene pairs in Populus. 

To further test for variation in gene expres- 
sion among duplicated genes, we examined 
whole-genome oligonucleotide microarray data 
containing the 45,555 promoted genes (9). There 
was significantly lower differential expression 
in the salicoid duplicated pairs of genes (mean = 
5%) relative to eurosid duplications (mean = 
11%), again suggesting that differential expres- 
sion patterns for retained paralogous gene pairs is 


Fig. 4. Kolmogorov- 
Smirnov (K-S) test for dif- 
ferential expression for 5- 
methyltetrahydropteroyl- 
triglutamate-homocysteine 
S-methyltransferase genes 
[for descriptions of the EST 
data set, see Sterky ef al. 
(79)]. Results suggest that 
the duplicated genes in 
Populus are differentially 
expressed in alternate tis- 
sues. Tissue types include: 
cambial zone (1), young 
leaves (2), flower buds (3), 00 
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an ongoing process that has had more time to 
occur in eurosid pairs (Fig. 5). This difference 
could also be due to absolute expression level, 
which may vary systematically between the two 
duplication events. Moreover, differential ex- 
pression was more evident in the wood-forming 
organs. Almost 14 and 13% (2632 pairs of genes) 
of eurosid duplicated genes in the nodes and 
internodes, respectively, displayed differential 
expression, compared with 8% or less in roots 
and young leaves (Fig. 5). 

Single-nucleotide polymorphisms. Popu- 
lus is a highly polymorphic taxon and substan- 
tial numbers of SNPs are present even within a 
single individual (Table 1). The ratio of non- 
synonymous to synonymous substitution rate 
(@ = dNidS) was calculated as an index of 
selective constraints for alleles of individual 
genes (9). The overall average dN across all 
genes was 0.0014, whereas the dS’ value was 
0.0035, for a total w of 0.40, suggesting that the 
majority of coding regions in the Populus 
genome are subject to purifying selection. 
There was a significant, negative correlation 
between w and the 4DTV distance to the most 
closely related paralog (r = —0.034, P = 0.028), 
which is consistent with the expectation of 
higher levels of nonsynonymous polymorphism 
in recently duplicated genes as a result of func- 
tional redundancy (20, 35). Similarly, genes 
with recent tandem duplicates (4DTV < 0.2) 
had significantly higher w than did genes with 
no recent tandem duplicates (Wilcoxon rank 
sum Z = 8.65, P < 0.0001) (table S10). 

The results for tandemly duplicated genes 
were consistent with expectations for accelerated 
evolution of duplicated genes (20). However, this 
expectation was not upheld for paralogous pairs 
of genes from the whole-genome duplication 
events. Relative rates of nonsynonymous substi- 
tution were actually lower for genes with paralogs 
from the salicoid and eurosid whole-genome 
duplication events than for genes with no paralogs 
(table S11). One possible explanation for this 
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active cambium (8), cold stressed leaves (9), roots (10), bark (11), shoot meristem (12), male catkins (13), 
dormant buds (14), female catkins (15), petioles (16), wood cell death (17), imbibed seeds (18) and infected 


leaves (19). 
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discrepancy is that the apparent single-copy genes 
have a corresponding overrepresentation of rap- 
idly evolving pseudogenes. However, this does 
not appear to be the case, as demonstrated by an 
analysis of gene size, synonymous substitution 
rate, and minimum genetic distance to the closest 
paralog as covariates in an analysis of variance 
with @ as the response variable (table S11). 
Therefore, genes with no paralogs from the 
salicoid and eurosid duplication events seem to 
be under lower selective constraints, and purifying 
selection is apparently stronger for genes with 
paralogs retained from the whole-genome dupli- 
cations. Chapman et al. (36) have recently 
proposed the concept of functional buffering to 
account for similar reduction in detected muta- 
tions in paralogs from whole-genome duplications 
in Arabidopsis and Oryza. The vegetative 
propagation habit of Populus may also favor 
the conservation of nucleotide sequences among 
duplicated genes, in that complementation 
among duplicate pairs of genes would minimize 
loss of gene function associated with the 
accumulation of deleterious somatic mutations. 

Gene family evolution. The expansion of 
several gene families has contributed to the 
evolution of Populus biology. 

Lignocellulosic wall formation. Among the 
processes unique to tree biology, one of the most 
obvious is the yearly development of secondary 
xylem from the vascular cambium. We identified 
Populus orthologs of the approximately 20 
Arabidopsis genes and gene families involved in 
or associated with cellulose biosynthesis. The 
Populus genome has 93 cellulose synthesis— 
related genes compared with 78 in Arabidopsis. 
The Arabidopsis genome encodes 10 CesA genes 
belonging to six classes known to participate in 
cellulose microfibril biosynthesis (37). Populus 
has 18 CesA genes (38), including duplicate 
copies of CesA7 and CesA8 homologs. Populus 
homologs of Arabidopsis CesA4, CesA7, and 
CesA8 are coexpressed during xylem develop- 
ment and tension wood formation (39). Further- 
more, one pair of CesA genes appears unique to 
Populus, with no homologs found in Arabi- 


Fig. 5. Proportion of eurosid and 
salicoid duplicated gene sets differ- 
entially expressed in stems (nodes 
and internode), leaves (young and 
mature), and whole roots. Samples 
from four biological replicates col- 
lected from the reference genotype 
Nisqually 1 were individually hybrid- 
ized to whole-genome oligonucleotide 
microarrays containing three 60- 
oligomer oligonucleotide probes for 
each gene. Differential expression 
between duplicated genes was eval- 
uated in f tests and declared signif- 
icant at a 5% false discovery rate (9). 


Proportion of paralogous genes displaying 
differential expression among tissues 
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dopsis (40). Many other types of genes 
associated with cellulose biosynthesis, such as 
KOR, SuSY, COBRA, and FRA2, occur in 
duplicate pairs in Populus relative to single-copy 
Arabidopsis genes (39). For example, COBRA, 
a regulator of cellulose biogenesis (4/), is a 
single-copy gene in Arabidopsis, but in Populus 
there are four copies. 

The repertoire of acknowledged hemicel- 
lulose biosynthetic genes in Populus is generally 
similar to that in Arabidopsis. However, Populus 
has more genes encoding a-L-fucosidases and 
fewer genes encoding a-t-fucosyltransferases 
than does Arabidopsis, which is consistent with 
the lower xyloglucan fucose content (42) in 
Populus relative to Arabidopsis. 

Lignin, the second most abundant cell wall 
polymer after cellulose, is a complex polymer of 
monolignols (hydroxycinnamyl alcohols) that 
encrusts and interacts with the cellulose/hemi- 
cellulose matrix of the secondary cell wall (43). 
The full set of 34 Populus phenylpropanoid and 
lignin biosynthetic genes (table S13) was 
identified by sequence alignment to the known 
Arabidopsis phenylpropanoid and lignin genes 
(44, 45). The size of the Populus gene families 
that encode these enzymes is generally larger 
than in Arabidopsis (34 versus 18, respectively). 
The only exception is cinnamyl alcohol de- 
hydrogenase (CAD), which is encoded by a 
single gene in Populus and two genes in 
Arabidopsis (Fig. 6C); CAD is also encoded 
by only a single gene in Pinus taeda (46, 47). 
Two lignin-related Populus C4H genes are 
strongly coexpressed in tissues related to wood 
formation, whereas the three Populus C3H 
genes show reciprocally exclusive expression 
patterns (48) (Fig. 6, A and B). 

Secondary metabolism. Populus trees pro- 
duce a broad array of nonstructural, carbon-rich 
secondary metabolites that exhibit wide variation 
in abundance, stress inducibility, and effects on 
tree growth and host-pest interactions (49-53). 
Shikimate-phenylpropanoid—derived phenolic 
esters, phenolic glycosides, and condensed 
tannins and their flavonoid precursors comprise 
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the largest classes of these metabolites. Pheno- 
lic glycosides and condensed tannins alone can 
constitute up to 35% leaf dry weight and are 
abundant in buds, bark, and roots of Populus 
(50, 54, 55). 

The flavonoid biosynthetic genes are well 
annotated in Arabidopsis (56) and almost all 
(with the exception of flavonol synthase) are 
encoded by single-copy genes. In contrast, all 
but three such enzymes (chalcone isomerase, 
flavonoid 3’-hydroxylase, and flavanone 3- 
hydroxylase) are encoded by multiple genes in 
Populus (53). For example, the chalcone syn- 
thase, controlling the committed step to flavonoid 
biosynthesis, has expanded to at least six genes 
in Populus. In addition, Populus contains two 
genes each for flavone synthase II (cytochrome 
accession number CYP98B) and flavonoid 3’,5’- 
hydroxylase (CYP75A 12 and CYP75A 13), both 
of which are absent in Arabidopsis. Furthermore, 
three Populus genes encode leucoanthocyanidin 
reductase, required for the synthesis of condensed 
tannin precursor 2,3-trans-flavan-3-ols, a stereo- 
chemical configuration also lacking in Arabidopsis 
(57). In contrast to the 32 terpenoid synthase 
(TPS) genes of secondary metabolism identified 
in the Arabidopsis genome (58), the Populus 
genome contains at least 47 TPS genes, sug- 
gesting a wide-ranging capacity for the forma- 
tion of terpenoid secondary metabolites. 

A number of phenylpropanoid-like enzymes 
have been annotated in the Arabidopsis genome 
(44, 45, 59-61). One example is the family en- 
coding CAD. In addition to the single Populus 
CAD gene involved in lignin biosynthesis, 
several other clades of CAD-like (CADL) genes 
are present, most of which fall within larger 
subfamilies containing enzymes related to mul- 
tifunctional alcohol dehydrogenases (Fig. 6). 
This comparative analysis makes it clear that 
there has been selective expansion and retention 
of Populus CADL gene families. For example, 
Populus contains seven CADL genes (Poptr- 
CADLI to PoptrCADL7; Fig. 6C) encoding 
enzymes related to the Arabidopsis BAD1 and 
BAD2 enzymes with apparent benzyl alcohol 
dehydrogenase activities (62). BAD1 and BAD2 
are known to be pathogen inducible, suggesting 
that this group of Populus genes, including the 
Populus SAD gene, previously characterized as 
encoding a sinapaldehyde-specific CAD enzyme 
(63), may be involved in chemical defense. 

Disease resistance. The likelihood that a 
perennial plant will encounter a pathogen or 
herbivore before reproduction is near unity. The 
long-generation intervals for trees make it 
difficult for such plants to match the evolution- 
ary rates of a microbial or insect pest. Aside 
from the formation of thickened cell walls and 
the synthesis of secondary metabolites that 
constitute a first line of defense against micro- 
bial and insect pests, plants use a variety of 
disease-resistance (R) genes. 

The largest class of characterized R genes 
encodes intracellular proteins that contain a 
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nucleotide-binding site (NBS) and carboxy- 
terminal leucine-rich-repeats (LRR) (64). The 
NBS-coding R gene family is one of the largest 
in Populus, with 399 members, approximately 
twice as high as in Arabidopsis. The NBS family 
can be divided into multiple subfamilies with 
distinct domain organizations, including 64 TIR- 
NBS-LRR genes, 10 truncated TIR-NBS that 
lack an LRR, 233 non-TIR-NBS-LRR genes, 
and 17 unusual TIR-NBS-—containing genes that 
have not been identified previously in Arabi- 
dopsis (TNLT, TNLN, or TCNL domains) 
(Table 2). Five gene models coding for TNL 
proteins contained a predicted N-terminal 
nuclear localization signal (65). The number of 
non-TIR-NBS-LRR genes in Populus is also 
much higher than that in Arabidopsis (209 versus 
57, respectively). Notably, 40 non—TIR-NBS 
genes, not found in Arabidopsis, carry an N- 
terminal BED DNA-binding zinc finger domain 
that was also found in the Oryza Xal gene. These 
findings suggest that domain cooption occurred in 
Populus. Most NBS-LRR (about 65%) in Popu- 
Jus occur as singletons or in tandem duplications, 
and the distribution of pairwise genetic distances 
among these genes suggests a recent expansion of 
this family. That is, only 10% of the NBS-LRR 
genes are associated with the eurosid and salicoid 
duplication events, compared with 55% of the 
extracellular LRR receptor-like kinase genes (for 
example, fig. S10). 

Several conserved signaling components 
such as RARI, EDS1, PAD4, and NPR1, known 
to be recruited by R genes, also contain multiple 
homologs in Populus. For example, two copies 
of the PAD4 gene, which functions upstream of 
salicylic acid accumulation, and five copies of 
the NPR/ gene, an important regulator of re- 
sponses downstream of salicylic acid, are found 
in Populus. Nearly all genes known to control 
disease resistance signaling in Arabidopsis have 
putative orthologs in Populus. Populus has a 
larger number of B-1,3-glucanase and chitinase 
genes than does Arabidopsis (131 versus 73, 
respectively). In summary, the structural and 
genetic diversity that exists among R genes and 
their signaling components in Populus is re- 
markable and suggests that unlike the rest of the 
genome, contemporary diversifying selection has 
played an important role in the evolution of 
disease resistance genes in Populus. Such diver- 
sification suggests that enhanced ability to detect 
and respond to biotic challenges through R 
gene—mediated signaling may be critical over 
a decades-long life span of this genus. 

Membrane transporters. Attributes of Populus 
biology such as massive interannual, seasonal, 
and diurnal metabolic shifts and redeployment 
of carbon and nitrogen may require an elab- 
orate array of transporters. Investigation of gene 
families coding for transporter proteins (http:// 
plantst.genomics.purdue.edu/) in the Populus ge- 
nome revealed a general expansion relative to 
Arabidopsis (1722 versus 959, in Populus versus 
Arabidopsis, respectively) (table S12). Five gene 
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families, coding for adenosine 5’-triphosphate— 
binding cassette proteins (ABC transporters, 226 
gene models), major facilitator superfamily 
proteins (187 genes), drug/metabolite transporters 
(108 genes), amino acid/auxin permeases (95 
genes), and POT transporters (90 genes), ac- 
counted for more than 40% of the total number of 
transporter gene models (fig. S14). Some large 
families such as those encoding POT (4.3X rel- 
ative to Arabidopsis), glutamate-gated ion chan- 
nels (3.7X), potassium uptake permeases (2.3X), 
and ABC transporters (1.9X) are expanded in 
Populus. We identified a subfamily of five 
putative aquaporins, lacking in the Arabidopsis. 
Populus also harbors seven transmembrane re- 


ArathCDL3 


ArathC3HL1 


ArathCDL9o 


ceptor genes that have previously only been 
found in fungi, and two genes, identified as 
mycorthizal-specific phosphate transporters, that 
confirm that the mycorrhizal symbiosis may have 
an impact on the mineral nutrition of this long- 
lived species. This expanded inventory of trans- 
porters could conceivably play a role in adaptation 
to nutrient-limited forest soils, long-distance trans- 
port and storage of water and metabolites, 
secretion and movement of secondary metabo- 
lites, and/or mediation of resistance to pathogen- 
produced secondary metabolites or other toxic 
compounds. 

Phytohormones. Both physiological and mo- 
lecular studies have indicated the importance of 


bona fide 
CADs 
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Fig. 6. Phylogenetic analysis of gene families in Populus, Arabidopsis, and Oryza encoding 
selected lignin biosynthetic and related enzymes. (A) Cinnamate-4-hydroxylase (C4H) gene family. 
(B) 4-coumaroyl-shikimate/quinate-3-hydroxlase (C3H) gene family. (C) Cinnamyl alcohol dehydro- 
genase (CAD) and related multifunctional alcohol dehydrogenase gene family. Arabidopsis gene names 
are the same as those in Ehlting et al. (80). Populus and Oryza gene names were arbitrarily assigned; 
corresponding gene models are listed in table $13. Genes encoding enzymes for which biochemical 
data are available are highlighted with a green flash. Yellow circles indicate monospecific clusters of 


gene family members. 


Table 2. Numbers of genes that encode domains similar to plant R proteins in Populus, Arabidopsis (81), 
and Oryza (82). *, BED finger and/or DUF1544 domain; CC, coiled coil; —, not detected. 


Predicted protein domains Letter code Populus Arabidopsis Oryza 
TIR-NBS TN 10 21 - 
TIR-NBS-LRR TNL 64 83 - 
TIR-NBS-LRR-TIR TNLT 13 - - 
TIR-NBS-LRR-NBS TNLN 1 - - 
NBS-LRR-TIR NLT 1 - - 
TIR-CC-NBS-LRR TCNL 2 - - 
CC-NBS CN 19 4 7 
CC-NBS-LRR CNL 119 51 159 
BED/DUF1544*-NBS BN 5 - - 
NBS-BED/DUF1544* NB 1 - - 
BED/DUF1544*-NBS-LRR BNL 24 - - 
NBS-LRR NL 90 6 40 
NBS N 49 1 45 
Others - = 41 284 
Total NBS genes 398 207 535 
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hormonal regulation underlying plant develop- 
ment. Auxin, gibberellin, cytokinin, and ethylene 
responses are of particular interest in tree biology. 

Many auxin responses (66—7/) are controlled 
by auxin response factor (ARF) transcription 
factors, which work together with cognate 
AUX/IAA repressor proteins to regulate auxin- 
responsive target genes (72, 73). A phyloge- 
netic analysis using the known and predicted 
ARF protein sequences showed that Populus 
and Arabidopsis ARF gene families have 
expanded independently since they diverged 
from their common ancestor. Six duplicate ARF’ 
genes in Populus encode paralogs of ARF 
genes that are single-copy Arabidopsis genes, 
including ARF5 (MONOPTEROS), an impor- 
tant gene required for auxin-mediated signal 
transduction and xylem development. Further- 
more, five Arabidopsis ARF genes have four or 
more predicted Populus ARF gene paralogs. In 
contrast to ARF genes, Populus does not con- 
tain a notably expanded repertoire of AUX/IAA 
genes relative to Arabidopsis (35 versus 29, 
respectively) (74). Interestingly, there is a group 
of four Arabidopsis AUX/IAA genes with no ap- 
parent Populus orthologs, suggesting Arabidopsis- 
specific functions. 

Gibberellins (GAs) are thought to regulate 
multiple processes during wood and root devel- 
opment, including xylem fiber length (75). 
Among all gibberellin biosynthesis and signaling 
genes, the Populus GA20-oxidase gene family is 
the only family with approximately two times 
the number of genes relative to Arabidopsis, 
indicating that most of the duplicated genes that 
arose from the salicoid duplication event have 
been lost. GA20-oxidase appears to control flux 
in the biosynthetic pathway leading to the 
bioactive gibberellins GA, and GA,. The higher 
complement of GA20-oxidase genes may have 
biological importance in Populus with respect to 
secondary xylem and fiber cell development. 

Cytokinins are thought to control the iden- 
tity and proliferation of cell types relevant for 
wood formation as well as general cell division 
(67). The total number of members in gene 
families encoding cytokinin homeostasis related 
isopentenyl transferases (IPT) and cytokinin 
oxidases is roughly similar between Populus 
and Arabidopsis, although there appears to be 
lineage-specific expansion of IPT subfamilies. 
The cytokinin signal transduction pathway 
represents a two-component phosphorelay sys- 
tem, in which a two-component hybrid receptor 
initiates a phosphotransfer by means of histidine- 
containing phosphotransmitters (HPt) to phospho- 
accepting response regulators (RR). One family 
of genes, encoding the two-component recep- 
tors (such as CKI1), is notably expanded in 
Populus (four versus one in Populus and 
Arabidopsis, respectively) (76). Gene families 
coding for recently identified pseudo-HPt and 
atypical RR are overrepresented in Populus 
relative to Arabidopsis (2.5- and 4.0-fold in- 
crease in Populus, respectively). Both of these 
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gene families have been implicated in the nega- 
tive regulation of cytokinin signaling (67, 77), 
which is consistent with the idea of increased 
complexity in regulation of cytokinin signal trans- 
duction in Populus. 

Populus and Arabidopsis genomes contain 
almost identical numbers of genes for the three 
enzymes of ethylene biosynthesis, whereas the 
number of genes for proteins involved in 
ethylene perception and signaling is higher in 
Populus. For example, Populus has seven 
predicted genes for ethylene receptor proteins 
and Arabidopsis has five; the constitutive triple 
response kinase that acts just downstream of the 
receptor is encoded by four genes in Populus 
and only one in Arabidopsis (78). The number 
of ethylene-responsive element binding factor 
(ERF) proteins (a subfamily of the AP2/ERF 
family) is higher in Populus than in Arabidopsis 
(172 versus 122, respectively). The increased 
variation in the number of ERF transcription fac- 
tors may be involved in the ethylene-dependent 
processes specific to trees, such as tension wood 
formation (68) and the establishment of dor- 
mancy (71). 


Conclusions 


Our initial analyses provide a flavor of the op- 
portunities for comparative plant genomics made 
possible by the generation of the Populus genome 
sequence. A complex history of whole-genome 
duplications, chromosomal rearrangements and 
tandem duplications has shaped the genome that 
we observe today. The differences in gene 
content between Populus and Arabidopsis have 
provided some tantalizing insights into the 
possible molecular bases of their strongly con- 
trasting life histories, although factors unrelated 
to gene content (such as regulatory elements, 
miRNAs, posttranslational modification, or epi- 
genetic modifications) may ultimately be of 
equal or greater importance. With the sequence 
of Populus, researchers can now go beyond what 
could be learned from Arabidopsis alone and 
explore hypotheses to linking genome sequence 
features to wood development, nutrient and water 
movement, crown development, and disease 
resistance in perennial plants. The availability of 
the Populus genome sequence will enable 
continuing comparative genomics studies among 
species that will shed new light on genome 
reorganization and gene family evolution. Fur- 
thermore, the genetics and population biology of 
Populus make it an immense source of allelic 
variation. Because Populus is an obligate 
outcrossing species, recessive alleles tend to be 
maintained in a heterozygous state. Informatics 
tools enabled by the sequence, assembly, and 
annotation of the Populus genome will facilitate 
the characterization of allelic variation in wild 
Populus populations adapted to a wide range of 
environmental conditions and gradients over 
large portions of the Northern Hemisphere. Such 
variants represent a rich reservoir of molecular 
resources useful in biotechnological applications, 
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development of alternative energy sources, and 
mitigation of anthropogenic environmental prob- 
lems. Finally, the keystone role of Populus in 
many ecosystems provides the first opportunity 
for the application of genomics approaches to 
questions with ecosystem-scale implications. 
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Opposing Activities Protect Against 
Age-Onset Proteotoxicity 


Ehud Cohen,’* Jan Bieschke,2* Rhonda M. Perciavalle,” Jeffery W. Kelly,2 Andrew Dillin?+ 


Aberrant protein aggregation is a common feature of late-onset neurodegenerative diseases, including 
Alzheimer’s disease, which is associated with the misassembly of the AB,_,, peptide. Aggregation-mediated 
AB,_42 toxicity was reduced in Caenorhabiditis elegans when aging was slowed by decreased insulin/ 
insulin growth factor—1-like signaling (IIS). The downstream transcription factors, heat shock factor 1, 
and DAF-16 regulate opposing disaggregation and aggregation activities to promote cellular survival in 
response to constitutive toxic protein aggregation. Because the IIS pathway is central to the regulation of 
longevity and youthfulness in worms, flies, and mammals, these results suggest a mechanistic link 
between the aging process and aggregation-mediated proteotoxicity. 


including Alzheimer’s (AD), Huntington’s, 
and Parkinson’s diseases are geneti- 
cally and pathologically linked to aberrant pro- 
tein aggregation (J, 2). In AD, formation of 
aggregation-prone peptides, particularly AB, ,,, 
by endoproteolysis of the amyloid precursor pro- 
tein (APP) is associated with the disease through 
an unknown mechanism (3, 4). Whether intracel- 
lular accumulation or extracellular deposition of 
AB.) initiates the pathological process is a key 
unanswered question (5). Typically, individuals 
who carry AD-linked mutations present with clin- 
ical symptoms during their fifth or sixth decade, 
whereas sporadic cases appear after the seventh 
decade. Why aggregation-mediated toxicity emerges 
late in life and whether it is mechanistically linked 
to the aging process remain unclear. 
Perhaps the most prominent pathway that 
regulates life span and youthfulness in worms, 


L ate-onset human neurodegenerative diseases 


flies, and mammals is the insulin/insulin growth 
factor IGF)-1-—like signaling (IIS) pathway (6). 
In the nematode Caenorhabditis elegans, the 
sole insulin/IGF-1 receptor, DAF-2 (7), initiates 
the transduction of a signal that causes the phos- 
phorylation of the FOXO transcription factor, 
DAF-16 (8, 9), preventing its translocation to 
the nucleus (/0). This negative regulation of 
DAF-16 compromises expression of its target 
genes, decreases stress resistance, and shortens 
the worm’s life span. Thus, inhibition of daf-2 
expression creates long-lived, youthful, stress- 
resistant worms (//). Similarly, suppression of 
the mouse DAF-2 ortholog, IGF1-R, creates long- 
lived mice (/2). Recent studies indicate that, in 
worms, life-span extension due to reduced daf-2 
activity is also dependent upon heat shock factor 1 
(HSF-1). Moreover, increased expression of hsf-1 
extends worm life span in a daf-16-dependent 
manner (/3). That the DAF-16 and HSF-1 tran- 


scriptomes result in the expression of nu- 
merous chaperones (/3, /4) suggests that the 
integrity of protein folding could play a key role 
in life-span determination and the amelioration 
of aggregation-associated proteotoxicity. Indeed, 
amelioration of Huntington-associated proteotox- 
icity by slowing the aging process in worms has 
been reported (/3, 15, 16). 

Reduced IIS activity lowers AB,_,, toxicity. 
One hypothesis to explain late-onset aggregation- 
associated toxicity posits that the deposition of 
toxic aggregates is a stochastic process, governed 
by a nucleated polymerization and requiring 
many years to initiate disease. Alternatively, 
aging could enable constitutive aggregation to 
become toxic as a result of declining detoxifica- 
tion activities. To distinguish between these two 
possibilities, we asked what role the aging pro- 
cess plays in AB, _,, aggregation-mediated toxic- 
ity ina C. elegans model featuring intracellular 
AB,_45 expression (/7). If AB,_,, toxicity results 
from a non-age-related nucleated polymerization, 
animals that express AB, ,, and whose life span 
has been extended would be expected to succumb 
to AB, 4 toxicity at the same rate as those with a 
natural life span. However, if the aging process 
plays a role in detoxifying an ongoing protein ag- 
gregation process, alteration of the aging program 


Molecular and Cell Biology Laboratory, Salk Institute for 
Biological Studies, 10010 North Torrey Pines Road, La Jolla, CA 
92037, USA. “Department of Chemistry and Skaggs Institute 
of Chemical Biology, Scripps Research Institute, 10550 North 
Torrey Pines Road, La Jolla, CA 92037, USA. 


*These authors contributed equally to this work. 
tTo whom correspondence should be addressed E-mail: 
dillin@salk.edu 


15 SEPTEMBER 2006 VOL 313 SCIENCE www.sciencemag.org 


would postpone the initiation of aggregation- 
mediated toxicity. To examine these hypotheses, 
we used worms that express the human AB,_,, 
minigene driven by the unc-54 promoter (strain 
CL2006), referred hereafter as AB, _,, worms (/8). 
Accordingly, AB, ,, is solely expressed within the 
body wall muscles, resulting in their paralysis (8). 
The unaffected neighboring muscles serve as an 
intraorganismal control in the RNA interference 
(RNAi)-based experiments that alter aging 
(movie S1). 

We first tested whether daf-2 RNAi extends 
the life span of AB, _,, worms. AB, ,, animals 
grown on potent daf-2 RNAi bacteria (/9) 
exhibited increased life spans compared with 
control AB, ,, worms grown on empty RNAi 
vector (EV) bacteria (Fig. 1A), similar to pre- 
vious results with wild-type C. elegans (11). 
daf-2 RNAi treatment also decreased the fraction 
of paralyzed worms compared with control 
animals over a 12-day time course (Fig. 1B 
and movies S1 and 82). At day 10 of adult- 
hood, 50% of the control worms were para- 
lyzed compared with 10% of the daf-2 RNAi 
worms. C. elegans not expressing Af, ,, 
showed no aging-related paralysis through 9 
days and less than 7% showed paralysis after 
12 days (fig. $1). Collectively, these data dem- 
onstrate that alteration of the aging program 
suppresses the pathological effect of AB, ,, 
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Fig. 1. IIS regulates proteotoxicity of AB, ,, 
expressed in C. elegans. (A) daf-2 RNAi extends life 
span of AB, _,. worms. AB,_,, worms were grown on 
bacteria expressing either EV or daf-2 RNAi during 
development and adulthood. daf-2 RNAi worms 
lived significantly longer, P < 0.0001 [squares, 
mean life span (LS) = 28.6 days], than their EV- 
grown counterparts (triangles, mean LS = 17.8 
days). (B) daf-2 RNAi reduces AB,_,.-mediated tox- 
icity. AB,_,. worms were grown as in (A). Numbers of 
paralyzed worms were scored daily for 12 days of 
adulthood. daf-2 RNAi (squares) reduced the 
number of paralyzed worms compared with the EV 
(triangles). (C) Both daf-16 and hsf-1 RNAi 


abolished the protective effect of daf-2 RNAi toward AB, ,, toxicity. AB,_,, 
worms were grown during development and adulthood on EV bacteria (triangles) 
or on dilutions of equal amounts of bacteria expressing the following RNAi 
species: daf-2 and EV (solid squares), daf-2 and daf-16 (open squares), or daf-2 
and hsf-1 (diamonds). (D) daf-16 or hsf-1RNAi during adulthood results in an 
elevated rate of paralysis late in life. AB, _,, worms were developed on EV and 
were transferred at day 1 of adulthood to bacteria expressing either EV 
(triangles), daf-2 RNAi (solid squares), daf-16 RNAi (open squares), or hsf-1 
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expression within the body wall muscles of 
C. elegans. Thus, AB, _,, proteotoxicity does not 
appear to be a stochastic process, but it is highly 
dependent on the aging process. 

Daf-16 and Hsf-1 are required for the 
protective effect of reduced IIS. To understand 
the mechanism by which reduced IIS protected 
against AB, ,, proteotoxicity, we asked whether 
daf-16 and/or hsf-1, genes that encode tran- 
scription factors necessary, but not sufficient, 
for the full extended life span of daf-2 mutant 
animals (0, 13), were also required for ame- 
lioration of proteotoxicity by daf-2 RNAi. Di- 
lution of daf-2 RNAi bacteria with equal 
amounts of either effective hsf-] (fig. S2) or 
daf-16 (19) RNAi bacteria abolished the daf-2 
RNAi protective effect (Fig. 1C). A correspond- 
ingly equal dilution of daf-2, daf-16, or hsf-1 
with the EV bacteria did not influence the 
paralysis phenotype of each RNAi treatment 
(fig. S3). Therefore, analogous to the roles of 
daf-16 and hsf-1 in the regulation of aging by 
daf-2, both daf-16 and hsf-1 are necessary for 
the reduced HS-mediated amelioration of 
AB,_4) proteotoxicity in the C. elegans body 
wall muscles. 

We also tested whether reduction of daf-16 
or Asf-1 affected paralysis rates in animals with 
an intact daf-2. To avoid potential developmen- 
tal disorders due to RNAi knockdown, we 
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individually inactivated daf-2, daf-16, or hsf-1 
only during adulthood, the period required for 
the IIS pathway to regulate the aging process 
(19). As before, daf-2 RNAi reduced the num- 
ber of paralyzed worms (Fig. 1D). In contrast, 
either daf-16 or hsf-1 RNAi increased the 
number of paralyzed animals after 8 days. 
Reduction of /sf-/ during development and 
adulthood increased the rate of paralysis rel- 
ative to Asf-] reduction during adulthood only 
(Fig. 1E). In contrast, rates of paralysis of ani- 
mals grown on daf-16 RNAi bacteria during 
development and adulthood versus adulthood 
only were very similar. 

We evaluated the possibility that RNAi utili- 
zation caused differential expression of AB, 4). 
Quantitative reverse transcription polymerase 
chain reaction (RT-PCR) experiments indicated 
that the amounts of AB,,, messenger RNA 
(mRNA) transcripts within AB, ,, worms grown 
on EV, daf-2, daf-16, or hsf-1 RNAi bacteria 
were nearly identical (fig. S4A). In addition, 
Western blot (WB) analysis revealed that soluble 
AB, 4) amounts were equivalent in all RNAi 
applications (fig. S4B). Thus, the different degrees 
of proteotoxicity cannot be explained by modu- 
lation of AB, _,, expression. 

Taken together, these results suggest that 
DAF-16 and HSF-1 target genes are jointly 
essential for the AB, _,, detoxification mediated 
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RNAi (diamonds). daf-2 RNAi reduced the number of paralyzed animals, 
whereas both daf-16 and hsf-1 RNAi increased the number of paralyzed worms 
late in life compared with the EV. (E) Reduced expression of Asf-1 during 
development (dev) and adulthood (ad) further accelerates the rate of paralysis. 
AB,.42 worms were grown during development and adulthood on bacteria 
expressing either EV (triangles), daf-2 RNAi (squares) or hsf-1 RNAi (open 
diamonds) or were developed on EV and transferred to hsf-2 RNAi bacteria on 
day 1 of adulthood (solid diamonds). Error bars indicate standard deviations. 
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by inhibition of the IIS pathway. However, the 
HSF-1 transcriptome appears to play a more im- 
portant role in suppressing Af, ,,-mediated 
toxicity, especially during development (Fig. 1E). 
High molecular weight AB,_,, aggregates 
do not correlate with toxicity. How could 
DAF-16 and HSF-1 transcriptomes protect 
worms from proteotoxicity? One possibility is 
that these transcriptomes prevent the formation 
of high molecular weight (high-MW) aggre- 
gates that are linked to toxicity. Alternatively, 
these transcriptomes could detoxify smaller 
oligomers that appear to mediate toxicity (4, 20). 
To evaluate these possibilities, we asked whether 
daf-2 RNAi mediated protection from AB, ,, 
proteotoxicity and suppression of this protective 
effect by knockdown of either daf-16 or hsf-1 
expression correlated with the amount of high- 
MW AB, aggregates. AB, ,. worms were 
grown to day 1 of adulthood on EV or on daf-2, 
daf-16, or hsf-1 RNAi bacteria. The worms 
were homogenized and centrifuged for 3 min at 
3000 revolutions per min (rpm) to afford pellet 
and post debris supernatant (PDS) fractions 
(fig. SSA) that were evaluated separately (fig. 
S5, B and C). The PDS was subjected to ultra- 
centrifugation, revealing the presence of high- 
MW AB, _,, aggregates (Fig. 2A). If high-MW 
AB, 4 aggregates were the toxic species, then 
daf-2 RNAi animals would be expected to have 
less high-MW aggregates, and daf-16 and hsf-1 
RNAi animals would be expected to accumu- 
late more. PDS from /sf-] RNAi worms have 
the most high-MW aggregates, followed by 
daf-2 and EV RNAi, whereas in daf-16 RNAi 
worms the aggregates are hardly detectable. This 
observation is not consistent with high-MW 
AB,» aggregates being the toxic species. 
AB, 4 aggregates in the PDS fraction were 
quantified with an in vitro kinetic aggregation 
assay, which is at least three orders of magnitude 
more sensitive than WB analysis (fig. S6). This 
assay enables the detection of small amounts of 
aggregates that can seed an AB, ,. nucleated 
polymerization reaction in vitro. AB, ,, worm 
PDS was sonicated to generate small fibrils (fig. 
S7). Addition of sonicated PDS to an in vitro 
AB, 49 fibril formation assay would be expected 
to shorten the lag phase associated with the 
initiation of AB, _,) aggregation in a fashion that 
is dependent on the concentration of fibrillar 
seeds (2/). PDS from AB, ,, worms grown to 
day 1 of adulthood on EV, daf-2, daf-16, or hsf-1 
RNAi bacteria were evaluated in vitro by 
assessing the time for half maximal aggregation 
of AB, ao (tsq) (Fig. 2B). Reactions seeded with 
PDS of hsf-1 RNAi worms had significantly 
(P < 0.0002) faster AB, 4) aggregation than did 
the control worms (EV). Similarly, homoge- 
nates from daf-2 RNAi worms accelerated 
aggregation compared with the control worms 
(P < 0.02), but less than PDS from hsf-1 RNAi 
worms. Lastly, daf-16 RNAi worms harbored 
the least seeding competent aggregates. An in 
vitro kinetic aggregation assay using /sf-1 


RNAi worms not expressing AB, _,, confirmed 
that the lag phase shortening is completely 
dependent on the presence of AB, _,, (fig. S8). 

Within the worm debris, less high-MW 
aggregates were found in the EV and daf-2 
RNAi-treated AB, _,, worms compared with the 
increased amount found when /sf-1 was re- 
duced (Fig. 2, C and D). In contrast to Asf-/ 
RNAi treatment, the least amount of high-MW 
AB, 4) aggregates was found in the debris of 
daf-16 RNAi worms. Strictly analogous results 
were observed by growing the AB, _,, worms to 
day 3 of adulthood (Fig. 2E). Formic acid ex- 
traction of all of the AB, ,, worm debris before 
analysis also indicated that hsf-] RNAi worms 
contained more high-MW AB, ,, than did 
daf-16 RNAi worms. 

The relative amounts of AB,_,. aggregates ob- 
served in the PDS and in the worm debris an- 
alyzed by WB rank order identically, with hsf/ 
RNAi worms having the most, followed by daf-2 
RNAi worms, then the AB, ,, worms grown on 
EV bacteria, and lastly daf-16 RNAi worms. 

By using multiple ultracentrifugation steps 
with a final analysis by atomic force microscopy 
(AFM), we directly visualized high-density ma- 
terial purified from AB, _,, worm PDS. Fibrillar 
structures were detected only in the Asf-] RNAi 
worms but not in PDS fractions of EV control 
(fig. S9), daf-2, or daf-16 RNAi worms. To verify 
that the fibrillar structures observed by AFM 
contain AB, _,,, we used immunoelectron micros- 
copy (immuno-EM) (fig. S10A). Quantification 
and distribution analysis of the gold particles 
labeling AB indicated that hsf-7 RNAi treatment 
results in the most intense and specific signal. 
The PDS of AB,,, worms fed EV or daf-2 
RNAi bacteria had a weaker signal, whereas the 
daf-16 RNAi worms had the least intense signal 
(Fig. 2F). Wild-type worms not expressing AB, ,, 
that were fed hsf-] RNAi bacteria (negative con- 
trol, fig. S10B) and in vitro aggregated AB, ., 
(positive control, fig. S10C) confirmed the immu- 
nogold particle signal specificity. Lastly, AB, 
worms were grown to day 2 of adulthood on the 
various RNAi species, and AB was visualized 
within the intact worm by using immuno- 
fluorescence (IF) microscopy. daf-2 RNAi and 
EV worms had similar intermediate intensities, 
hsf-1 RNAi-treated AB,_,. worms exhibited the 
most intense signal, and daf-16 RNAi treatment 
resulted in the weakest signal (Fig. 2G). 

Collectively, results from five independent 
methods studying worm debris, PDS, and intact 
worms all indicate that hsf-] RNAi worms 
contain the largest amount of fibrils and high- 
MW AB, _,, aggregates and that daf-2 RNAi 
worms contain slightly more fibrils than their 
EV-treated counterparts, whereas daf-16 RNAi 
worms contain the fewest fibrils and high- MW 
AB, 45 aggregates. This points to a lack of cor- 
relation between high-MW AB, _,, aggregates 
and AB, _,,-mediated toxicity, because (i) daf-2 
RNAi reduces toxicity but slightly enhances the 
amount of high-MW aggregates, (ii) daf-16 


RNAI increases toxicity but reduces the amount 
of high-MW aggregates, and (ili) Asf-1 RNAi 
increases both toxicity and amount of high-MW 
AB, 4 aggregates. The detection of aggregated 
AB, _4) in early adulthood (days 1 to 2 of adult- 
hood), before onset of paralysis (days 5 to 12), 
suggests that protein aggregation occurs early 
and throughout the life of the worm and is 
counteracted by aging-related processes to 
reduce toxicity. 

HSF-1 but not DAF-16 controls disag- 
gregation of AB,_,, aggregates. Our findings 
suggest that two opposing mechanisms, regu- 
lated by the IIS pathway, protect worms from 
AB, 4. mediated toxicity: The HSF-1 tran- 
scriptome regulates disaggregation, whereas the 
DAF-16 transcriptome mediates the formation of 
less-toxic high-MW aggregates. The latter is anal- 
ogous to the aggregation-mediated neuroprotec- 
tion invoked in Huntington’s disease (22, 23). 
Both activities appear to be required to protect 
the AB, ,. worms from early-onset paralysis 
associated with proteotoxicity. Inhibiting the 
HSF-1 transcriptome during worm development 
is more deleterious than DAF-16 inhibition 
toward AB,_,, toxicity, suggesting the former is 
the more important pathway (Fig. 1E). Thus, it is 
plausible that the HSF-1-controlled disaggre- 
gation and degradation pathway is the preferred 
pathway, whereas the DAF-16-controlled active 
aggregation is the backup pathway used mainly 
under severe stress conditions. We suppose that 
the HSF-1-controlled disaggregation pathway in 
the AB,_,, worms is constantly overloaded. Thus, 
the DAF-16—regulated active aggregation machin- 
ery is continually assisting. Accordingly, daf-2 
RNAi worms have slightly more high-MW ag- 
gregates than EV animals because both the HSF- 
1-regulated and the DAF-16-regulated pathways 
are fully active. 

To test the hypothesis that AB, ,, disag- 
gregation in the worm is regulated by HSF-1 
but not DAF-16, we developed an in vitro assay 
to measure disaggregation of AB, ,, fibrils by 
worm PDS. Time-dependent disaggregation of 
AB, 49 fibrils in vitro, in the presence and ab- 
sence of worm PDS, was quantified. To ex- 
clude the possibility of monitoring proteasomal 
and/or proteolytic degradation rather than dis- 
aggregation, we performed experiments in the 
presence of either (i) the proteasome inhibitor 
epoxomicin (10 uM) (fig. S11) or (ii) protease 
inhibitor cocktail. In buffer alone (Fig. 3A) and 
with added bovine serum albumin (BSA) (0.5 
mg/ml), the fibrils were stable for at least 36 
hours. In contrast, AB,,, fibrils underwent 
disaggregation when treated with PDS from 
AB, 4. worms. Heat inactivation of PDS (95°C 
for 10 min) destroyed the disaggregation 
activity (Fig. 3A). The amount of AB, ,) de- 
tected by WB after 17 and 96 hours of incu- 
bation with PDS in the absence of protease 
inhibitors was reduced, indicating that AB, 45 
was proteolyzed subsequent to disaggregation 
(Fig. 3B). In contrast, heat-inactivated PDS had 


15 SEPTEMBER 2006 VOL 313 SCIENCE www.sciencemag.org 


no detectable effect on the amount of AB, 49. In 
the presence of a cocktail of protease inhibitors, 
AB, 49 fibrils were disassembled but not 
degraded (Fig. 3C). Proteasome inhibitor alone 
did not prevent proteolysis, although more detailed 
experiments are needed before excluding protea- 
some involvement. AB, 4, fibrils prepared in vitro 


were visible by AFM before treatment with worm 
PDS and after a 36-hour incubation with buffer, 
but not after incubation with PDS of EV-treated 
AB, 4. worms (Fig. 3D). Collectively, the results 
confirm that the assay detects disaggregation 
activity of worm homogenates and demonstrate 
that worm PDS also proteolyses AB, 49; yet, we 
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can dissociate these activities with the appro- 
priate use of protease inhibitors. In the presence 
of protease inhibitors, AB, 4, fibrils will spon- 
taneously reform if a longer time window (20 
to 40 hours) is observed. 

Does the disaggregation activity found with- 
in worm PDS reduce the toxicity of AB, 45 


Fig. 2. Lack of correlation between AB,_,, high-MW 
aggregates and toxicity. (A) AB,_,, worms were fed 
bacteria expressing EV or double-stranded RNA of 
daf-2, daf-16, or hsf-1 to day 1 of adulthood. The 
worms were homogenized, and equal amounts of 
PDS (fig. S5A) were incubated for 30 min on ice 
with 1% sarkosyl and spun for 1 hour in an ul- 
tracentrifuge (427,000 g). Supernatants and pellets 
were separated and loaded onto denaturing 12% 
polyacrylamide (PAA) gels and analyzed by WB 
using 6E10 monoclonal antibody (mAb). No AB 
signal was detected in pellets of EV, daf-2, and 
daf-16 RNAi worm PDS (lanes 2, 4, and 6, re- 
spectively). A weak 16-kD AB band was detected in 
the pellet of PDS from hAsf-1 RNAi worms (lane 8, 
oligomers). (B) RNAi of AB, _,, worms as in (A). PDS 
samples were prepared at day 1 of adulthood and 
were used to seed in vitro kinetic AB, ,, aggrega- 
tion reactions that were monitored by using 
thioflavin-T (ThT) fluorescence. PDS of Asf-1 RNAi- 
treated animals (black) exhibited the most signifi- 
cant acceleration of the reaction, indicating the 
most seeding competent aggregates. daf-2 RNAi 
(blue) accelerated the reaction compared with the 
EV (green), whereas daf-16 RNAi (red) had the least 
seeding competent aggregates. (Inset) Statistical 
analysis of results obtained in (B). Error bars in- 
dicate standard deviations, n = 5. (C) AB, _,, worms 
were grown and treated as in (A). Debris was 
analyzed by using 12% SDS PAA gel and WB. The 
largest amount of AB, _,, high-MW aggregates was 
detected in animals with reduced hsf-1 (lane 4); 
daf-16 RNAi resulted in the least (lane 3), whereas 
daf-2 RNAi (lane 2) had slightly more AB, _,, high- 
MW aggregates. (D) Statistical analysis of the WB 
high-MW aggregate intensities in (C). Error bars 
indicate standard deviations, n = 3. (E) RNAi of 
AB,_,2 Worms as in (A). AB contents of the worm 
debris were analyzed at day 3 of adulthood by 
using WB of a denaturing 4% PAA gel. The 
largest amount of high-MW AB,_,, was detected 
in hsf-1 RNAi worms (lane 4), followed by daf-2 
RNAi animals (lane 2); the least amount of AB, 5 
high-MW aggregates was found in daf-16 RNAi 
animals (lane 3). (F) Quantification and distribu- 
tion histogram analysis of gold particle labeling of 
the AB,,, worm preparations from immuno-EM 
analysis. EM images (fig. $10) were overlaid with a 
grid of 100 nm by 100 nm squares (Materials and 
Methods). Shown are distribution analyses of the 
number of immunogold particles found within 
squares that contained aggregate surfaces. The 
AB,.42 immunogold staining signal of hsf-1 RNAi 
worms is the most intense, whereas signal of AB, _,, 
in daf-16 RNAi treated worms is the weakest. (G) 
AB,.42 worms were grown on RNAi bacteria as in 
(A) to day 2 of adulthood and were subjected to IF 
microscopy using the AB mAb 4G8. The signal 


intensity of daf-2 RNAi worms was similar to that of EV worms. daf-16 RNAi animals had the weakest signal, and hAsf-2 RNAi animals showed considerably 
stronger signal intensity. Wild-type animals not expressing AB,_,, did not exhibit IF signal, demonstrating the specificity of the AB,_,, mAb. 
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fibrils? Viability of rat adrenal pheochromocy- 
toma (PC12) cells was discerned by the MTT 
assay (24) and normalized to cell survival when 
incubated in the absence of AB,_,). Worm PDS 
dramatically reduced cytotoxicity of AB, 45 
aggregates prepared in vitro (Fig. 3E). Analo- 
gous results were obtained when resazurin (25) 
was used to measure AB, ,, fibril toxicity on 
PC12 cells (fig. S12). Thus, disaggregation di- 
rectly correlates with detoxification of AB, 49 
fibrils in these widely used cell-based assays. 

Although HSF-1-regulated disaggregation 
activity could increase toxicity by releasing small 
toxic aggregates from larger less-toxic aggre- 
gates, our data point to the protective activity of 
HSF-1, suggesting a tight mechanistic link 
between disaggregation and degradation, possi- 
bly mediated by proteases such as the insulin- 
degrading enzyme (26) or neprilysin (27). 

We measured the disaggregation activity of 
PDS from AB,_,, worms grown on either EV, 
daf-2, daf-16, or hsf-1 RNAi bacteria (Fig. 3F). 


Disaggregation assay 


Buffer Heat inactivated 


worm PDS 


Relative Th T fluorescence > 


20 


Time (h) 


i pre- 
treatment 


D 


@BeEVPOS 


oO 
@ 


ii 36h EV PDS 


_ Relative metabolic rate 


iii 36h Buffer 


4 


@ AB tibris in butfor 


@ EV PDS+Epexomicin 
@ Fresh Af fibris 
BB Fresh AB monomer 


sample ) ® 


Disaggregation curves were fit to an exponential 
decay function to quantify the results and to 
assess their statistical significance. No significant 
difference was observed among PDS of EV, 
daf-2, and daf-16 RNAi worms. However, PDS 
of hsf-1 RNAi worms exhibited a decreased 
disaggregation rate (35%, N = 3, P < 0.03), 
indicating that HSF-1 regulates the disaggrega- 
tion activity (Fig. 3F inset). Nevertheless, the 
relatively small effect of hsf-1 RNAi on dis- 
aggregation is unexpected given its robust phys- 
iological response on Af, ,, toxicity. One 
possibility is that HSF-1 also regulates protec- 
tive functions other than disaggregation. Alter- 
natively, HSF-1 may be one component in a 
more complex mechanism that regulates disag- 
gregation. It is also possible that the 35% de- 
cline in disaggregation results in exacerbated 
AB, _,) proteotoxicity. In any case, reduced hsf-1 
slowed disaggregation whereas reduced daf-16 
did not, supporting the notion that HSF-1 reg- 
ulates disaggregation. 
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Small AB,_,, oligomers correlate with 
toxicity. The lack of correlation between 
proteotoxicity and large-MW aggregates sug- 
gests that small oligomers may be the key toxic 
species in the worm AB, ,, aggregation model. 
Numerous lines of evidence implicate AB, ,, 
oligomers in proteotoxicity (28-30). To deter- 
mine whether small AB, _,, aggregates correlate 
with toxicity, we grew worms to adulthood on 
EV, daf-2, daf-16, or hsf-1 RNAi bacteria; 
subjected the PDS fractions to ultracentrif- 
ugation; and analyzed the soluble supernatants 
and insoluble pellets by WB (Fig. 2A). No AB 
was detected in the insoluble pellets of EV, 
daf-2, and daf-16 RNAi-treated worms. How- 
ever, a weak AB immunoreactive band of about 
16 kD was detected in the insoluble pellet of 
hsf-1 RNAi worms (Fig. 2A). This band size is 
consistent with a SDS-stabilized AB, ,, trimer, 
possibly derived from a larger quaternary struc- 
ture. When PDS incubation with 1% sarkosyl 
was shortened to 10 min, the 16-kD protein was 
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after incubation with worm PDS but not after incubation with heat-inactivated PDS. No proteasome inhibitors were used in this 
experiment. (C) Disaggregation reaction was performed in the absence and the presence of a protease inhibitor cocktail (Pl) 
(lanes 2 and 3, respectively). WB analysis indicated that in the presence of Pl, the total quantity of AB, ,, did not change 
compared to the buffer-incubated fibrils, despite the disaggregation. (D) In vitro aggregated AB. ,, fibrils were visualized by using 
AFM with no treatment (i), after a 36-hour incubation with EV-grown AB, _,, worm PDS (ii), and after a 36-hour incubation with 
buffer only (iii). No large fibrils were detected after incubation with worm PDS. All large horizontal bars represent 1 ,1m; inset bar, 


200 nm; and height scale bar, 20 nm. (E) Worm disaggregation activity reduces the AB, _,, fibril-mediated cytotoxicity in 
cell-based assays. By using the disaggregation assay and conditions as in (B) and 72-hour incubation, we added AB,_,, disaggregation samples (500 
nM) to PC12 cell culture medium for 3 days. Cell viability was assayed by MTT metabolic activity (24). AB, _,, toxicity was reduced in samples incubated 
with worm PDS in the presence (green) or absence (blue) of epoxomicin (10 j:M). Samples incubated without worm PDS (red) showed similar toxicity to the 
starting material (purple). Monomeric AB,_,, peptide did not exhibit toxicity under the assay conditions (black). Similar results were found with the use of a 
resazurin-based assay (fig. S12). (F) hsf-1 is required for efficient disaggregation of pre-formed AB, _,, fibrils. RNAi of AB, _,, worms as in Fig. 2A. PDS of hsf-1 
RNAi worms (black) exhibited 20 to 50% decline in disaggregation activity compared with PDS of EV worms (green). There was no significant change in 
disaggregation activities in PDS of daf-2 (blue) or daf-16 (red) RNAi worms. (Inset) Statistical analysis of disaggregation results shown in (F) indicate that EV 
and hsf-1 RNAi worms are significantly (P < 0.03) different (n = 3). 
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detected in all insoluble pellets (Fig. 4A). 
Notably, the amounts of the 16-kD species cor- 
related with AB, ,, toxicity; insoluble pellets 
from daf-2 RNAi worms had the least intense 
signal, whereas daf-16, hsf-1, and EV RNAi 
worms had greater signal intensities. AB, ,, 
monomers were detected in the supernatants of 
EV and daf-2 RNAi worms but not in daf-16 
and hsf-1 RNAi worms (Fig. 4A), suggesting 
that AB, ,, monomers had formed trimers 
and/or larger assemblies thereof. In the ab- 
sence of detergents, all of the AB, ,, was re- 
tained in the insoluble pellet, suggesting that it 
may be associated with membranes. These ob- 
servations are consistent with an AB, _,, quater- 
nary structure; apparently a trimer (16 kD) or an 
oligomer thereof mediating proteotoxicity, pos- 
sibly in association with a membrane. 

By using high resolution IF microscopy (Fig. 
4B), we detected AB,_,, aggregates along muscle 
fibers of AB, ,, worms grown on either hs&/ or 
daf-16 RNAi bacteria. Only a small amount of 
AB, aggregates was detected along muscular 
fibers of AB,_,, worms grown on EV, and no 
such signal was detected in daf-2 RNAi worms. 
These results support the hypothesis that small 
AB, 4) oligomers in spatial proximity to the mus- 
cle fibers correlate with toxicity in this worm 
model and are consistent with recent studies 
showing that AB oligomers, potentially trimers, 
posses the highest toxicity toward hippocampal 
long-term potentiation of neural cells (3/) and 
that AB trimer assemblies are involved in memory 
impairment of transgenic AD model mice (32). 

Model of DAF-16— and HSF-1—mediated 
protection against AB, _,, aggregate proteo- 
toxicity. Our data suggests the following model 
for how daf-2-regulated pathways reduce 
aggregate mediated proteotoxicity (Fig. 5). First 
(stage 5-I), aggregation-prone peptides (such as 
AB, 45) form small toxic aggregates constitu- 
tively. We suggest that cells have developed 
two mechanisms to detoxify these toxic mis- 
assemblies. The preferred detoxification route 
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tion machinery (stages 5-IV and 5-V) or pos- 
sibly by their secretion (stage 5-VI). The 
opposing disaggregation (HSF-1) and aggrega- 
tion (DAF-16) detoxification pathways both are 
negatively regulated by IIS signaling (stages 
5-C and 5-D). 

How does this model explain our results? (i) 
When hsf-/ is reduced, disaggregation in stages 
5-II and 5-IV is impaired. This leads to a 
reduction of disaggregation of small toxic 
aggregates and leaves the cell no alternative 
but to actively form less-toxic high-MW ag- 
gregates by using the DAF-16 regulated ma- 
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Fig. 5. Model of age-regulated HSF-1 and DAF-16 opposing anti-proteotoxicity activities. 
Aggregation-prone peptides spontaneously form small toxic aggregates (stage 5-l). Specialized 
cellular machinery identifies toxic aggregates and rapidly disaggregates and prepares them for 
degradation (stage 5-II). The products of this machinery are rapidly degraded (stage 5-V). This 
preferred mechanism is positively regulated by HSF-1 (stage 5-A) and negatively regulated by DAF-2 
(stage 5-C). (Stage 5-III) When the HSF-1-regulated disaggregation machinery is overloaded, a 
secondary machinery that mediates aggregation is activated (stage 5-IIl), forming less-toxic high-MW 
aggregates. This machinery is positively regulated by DAF-16 (stage 5-B) and negatively by DAF-2 (stage 
5-D). The high-MW aggregates, which accumulate as a result of the DAF-16-regulated mechanism, 
undergo either slow disaggregation and degradation by the HSF-1-regulated mechanism (stages 5-IV 
and 5V) or possibly secretion to the extracellular matrix (5-VI). 
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chinery (stage 5-III). Moreover, the absence of 
HSF-1 also appears to slow the clearance of 
high-MW aggregates (stage 5-IV). Together, 
these activities lead to maximal accumulation 
of high-MW aggregates. (ii) When DAF-16 is 
reduced, cells lack the protective large-aggregate 
formation machinery, resulting in higher toxic- 
ity. Yet, the cells can disaggregate and degrade 
small aggregates (stage 5-II), resulting in fewer 
high-MW aggregates. The secondary impor- 
tance of the DAF-16—regulated machinery 
explains why the toxicity of daf-16 RNAi is 
lower than that of hsf-1 RNAi. (ili) Inhibition of 
daf-2, a negative regulator of DAF-16 (stage 
5-D) and perhaps of HSF-1 (stage 5-C) results 
in the up-regulation of both protective mech- 
anisms: stages 5-II and 5-III. In this situation, 
both the clearance rate of small toxic aggregates 
and their detoxification by active aggregation 
are maximal, resulting in minimal toxicity. 
According to our model, the aging process 
actively reduces the cellular ability to detoxify 
small toxic aggregates by negative regulation of 
both detoxification mechanisms via the IIS 
pathway. 

The IS pathway plays a role in modulating 
other forms of toxic protein aggregation, such 
as in the aggregation of the huntingtin protein 
(13, 15, 16), suggesting that the activities iden- 
tified here may be quite general. Additionally, 
small perturbations of proper protein-folding 
homeostasis have been demonstrated to have a 
profound impact on organismal integrity (34), 
suggesting that the protective mechanisms reg- 
ulated by the IIS pathway may link longevity to 
protein homeostasis. 


References and Notes 
1. D. J. Selkoe, Nature 426, 900 (2003). 
. R. R. Kopito, D. Ron, Nat. Cell Biol. 2, E207 (2000). 
3. E. Bossy-Wetzel, R. Schwarzenbacher, S. A. Lipton, Nat. 
Med. 10 (suppl.), $2 (2004). 
4. B. Caughey, P. T. Lansbury, Annu. Rev. Neurosci. 26, 267 
(2003). 
5. R.H. Takahashi et al., Am. J. Pathol. 161, 1869 (2002). 
6. C. Kenyon, Cell 120, 449 (2005). 
7. K. D. Kimura, H. A. Tissenbaum, Y. Liu, G. Ruvkun, Science 
277, 942 (1997). 
8. K. Lin, J. B. Dorman, A. Rodan, C. Kenyon, Science 278, 
1319 (1997). 
9. S. Ogg et al., Nature 389, 994 (1997). 
10. K. Lin, H. Hsin, N. Libina, C. Kenyon, Nat. Genet. 28, 139 
(2001). 
11. C. Kenyon, J. Chang, E. Gensch, A. Rudner, R. Tabtiang, 
Nature 366, 461 (1993). 
12. M. Holzenberger et al., Nature 421, 182 (2003). 
13. A.-L. Hsu, C. T. Murphy, C. Kenyon, Science 300, 1142 
(2003). 
14. J. F. Morley, R. |. Morimoto, Mol. Biol. Cell 15, 657 (2004). 
15. J. F Morley, H. R. Brignull, J. J. Weyers, R. I. Morimoto, 
Proc. Natl. Acad. Sci. U.S.A. 99, 10417 (2002). 
16. J. A. Parker et al., Nat. Genet. 37, 349 (2005). 
17. C. D. Link et al., Neurobiol. Aging 22, 217 (2001). 
18. C. Link, Proc. Natl. Acad. Sci. U.S.A. 92, 9368 (1995). 
19. A. Dillin, D. K. Crawford, C. Kenyon, Science 298, 830 
(2002). 
20. C. A. Ross, M. A. Poirier, Nat. Rev. Mol. Cell Biol. 6, 891 
(2005). 
21. K. Hasegawa, |. Yamaguchi, S$. Omata, F. Gejyo, H. Naiki, 
Biochemistry 38, 15514 (1999). 
22. M. Arrasate, S. Mitra, E. S. Schweitzer, M. R. Segal, 
S. Finkbeiner, Nature 431, 805 (2004). 


N 


23. F. Saudou, S. Finkbeiner, D. Devys, M. E. Greenberg, Cell 
95, 55 (1998). 

24. M. Bucciantini et al., Nature 416, 507 (2002). 

25. J. O'Brien, |. Wilson, T. Orton, F. Pognan, Eur. J. Biochem. 
267, 5421 (2000). 

26. M. A. Leissring et al., Neuron 40, 1087 (2003). 

27. N. Iwata et al., Science 292, 1550 (2001). 

28. Y. Gong et al., Proc. Natl. Acad. Sci. U.S.A. 100, 10417 
(2003). 

29. D. M. Hartley et al., J. Neurosci. 19, 8876 (1999). 

30. D. M. Walsh et al., Nature 416, 535 (2002). 

31. M. Townsend, G. M. Shankar, T. Mehta, D. M. Walsh, 
D. J. Selkoe, J. Physiol. (2006). 

32. S. Lesne et al., Nature 440, 352 (2006). 

33. P. J. Muchowski, J. L. Wacker, Nat. Rev. Neurosci. 6, 11 
(2005). 

34. T. Gidalevitz, A. Ben-Zvi, K. H. Ho, H. R. Brignull, 
R. I. Morimoto, Science 311, 1471 (2006); published 
online 8 February 2006 (10.1126/science.1124514). 

35. This study was generously supported by grants provided 
by the Backus and Ellison Medical Foundations (A.D.), 
NIH (DK 46335 and NS 50636), the Skaggs Institute of 


Chemical Biology, the Bundy Foundation, the Lita 
Annenberg Hazen Foundation, and the Max Planck 
Society (J.W.K. and J.B.). E.C. is supported by the John 
Douglas French Alzheimer’s Foundation. We gratefully 
acknowledge M. Wood and the Microscopy Core Facility 
at the Scripps Research Institute for the preparation of 
immuno-EM samples and pictures, M. R. Ghadiri for use 
of AFM, G. Herradon for the gift of PC12 cells, the 
Caenorhabditis Genetics Center for CL2006 worms, and 
Dillin and Kelly lab members and D. Selkoe for critical 
comments during the course of this work. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/1124646/DC1 
Materials and Methods 

Figs. $1 to $12 

References 

Movies $1 and $2 


5 January 2006; accepted 24 July 2006 
Published online 10 August 2006; 
10.1126/science.1124646 

Include this information when citing this paper. 


Oldest Writing in the New World 


Ma. del Carmen Rodriguez Martinez,’ Ponciano Ortiz Ceballos,” Michael D. Coe,” 
Richard A. Diehl,* Stephen D. Houston,>* Karl A. Taube,° Alfredo Delgado Calderon? 


A block with a hitherto unknown system of writing has been found in the Olmec heartland of 
Veracruz, Mexico. Stylistic and other dating of the block places it in the early first millennium 
before the common era, the oldest writing in the New World, with features that firmly assign this 
pivotal development to the Olmec civilization of Mesoamerica. 


everal writing systems are known from 
pre-Columbian Mesoamerica, most with 
dates after the first millennium before the 
common era (BCE). (/). Previously, no script has 
been associated unambiguously with the Olmec 
civilization, in many respects the progenitor of all 


Cascajal, 
Veracruz, Mexico 


100 «200 300km 


later complex societies of Mexico and adjacent 
Central America (2). Recent proposals for late 
Olmec writing at La Venta, Tabasco, Mexico, rest 
on two categories of object, roller-seal iconogra- 
phy and isolated, discontinuous incisions, neither 
sure to be script (3). We report here on an Olmec 


Fig. 1. Map showing location of Cascajal, Veracruz. Figure was prepared by Z. Nelson, Geography 


Department, Brigham Young University. 
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serpentine block incised with a previously 
unknown script, the earliest known thus far in 
Mesoamerica and, by extension, the Western 
Hemisphere. The Cascajal block and the script 
on it link the Olmec to literacy, document an 
unsuspected writing system, and reveal a new 
complexity to this civilization, including the 
possibility of information tools not hitherto 
known in this early period. The discovery of 
an ancient writing system is a rare event, so 
unusual as to deserve global attention (4-6). 

Site description. The Cascajal block was first 
seen by M.C.R. and P.O.C. in April 1999, when 
local authorities requested that inspectors from the 
Instituto Nacional de Antropologia e Historia 
(INAH) of Mexico come to the municipality of 
Jaltipan, Veracruz, to examine objects taken from 
a local gravel quarry in the ejido (communal 
lands) of Lomas de Tacamichapa (Fig. 1). This 
context is described in a paper by M.C.R. and 
P.O.C. (7). For some years, the quarry, an archae- 
ological site that offered ready building material, 
had supplied fill for road construction. The site is 
labeled Cascajal and consisted of two parallel 
mounds, both defining an open area sealed off by 
two other mounds. A visit in May 2006 by M.C.R. 
and P.O.C. showed that the surface of the mounds 
was Classic period in date (late first millenntum 
CE) but with earlier materials undemeath. Cascajal 
was fully intervisible with the salt dome to the 
south that supports the large Olmec center of San 
Lorenzo (8). 

The local authority for cultural materials, 
Castulo Gabriel Cruz, who now cares for the 
block under INAH registration in the commu- 
nity of Lomas de Tacamichapa, reported that 
the block came from debris heaped to the side 
of a destroyed area, 40 m by 50 m in extent and 
2.5 m deep, at the southwestern limits of the 
site. During the destruction of the mound from 
which the serpentine block came, a number of 
ceramic sherds, clay figurine fragments, and 
broken artifacts of ground stone were collected 
by the local workmen, and since that time have 
been safeguarded in the house of C. G. Cruz. 
These were examined and photographed in 
1999 by M.C.R. and P.O.C. and again in 2006 
by all of the present authors. About three- 
fourths of these materials are Formative in date, 
and of these, all but two or three sherds of the 
Formative period can be positively identified 
as belonging to the San Lorenzo phase (un- 
calibrated 1200 to 900 BCE). The anomalous 
sherds of the Formative period are of the 
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Palangana phase, contemporary with the prin- 
cipal occupation of the Olmec site of La 
Venta, Tabasco (calibrated 800 to 400 BCE), 
but a very minor component at San Lorenzo, 
the largest site close to Cascajal. There appear 
to be no Late Formative ceramics. All of the 
remaining artifacts consist largely of Fine Or- 
ange ceramics as well as associated types that 
can be ascribed to the Terminal Classic Villa 
Alta phase (~CE 800 to 900), almost 1800 
years after the date of ceramics recovered from 


Fig. 2. Photograph of block, frontal view. 
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Cascajal. Villa Alta occupation is widespread 
throughout the Coatzacoalcos drainage and 
covers some major Olmec sites, including San 
Lorenzo and Laguna de los Cerros. It seems 
probable, therefore, that the block, and its 
incising, can be dated to the San Lorenzo 
phase, perhaps toward the end of San Lorenzo 
B, that is to say, about 900 BCE. This dating is 
in agreement with the Olmec iconography that 
must have given rise to this script in the first 
place (8). 
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Features of the block.Carved of serpentine, 
the Cascajal block weighs about 12 kg and 
measures 36 cm in length, 21 cm in width, and 
13 cm in thickness (Figs. 2 and 3). It displays 
five slightly convex sides. The remaining side 
shows the text, which consists of 62 signs. 
Scrutiny of this surface shows variable patina, 
vestiges of local orange clay, and the work- 
ings of two blades: one blunted and thus ideal 
for outlines, the other sharper to make incisions 
within signs. Unpatinated areas were highlighted 
by image processing in Adobe Photoshop CS 
(Adobe Systems Incorporated, San Jose, CA); 
other, unprocessed images are made available 
here as supporting online material. Enlarge- 
ments of the high-resolution photos, taken 
with a Canon EOS 20D SLR (Canon, Tokyo, 
Japan) camera in raw format at 23.45 Mbytes 
per file, show unmistakable weathering, in- 
cluding pitting over incisions, with min- 
eralization around the pits and inside the 
carved lines, a secure sign of ancient surface 
alteration. This was confirmed by 20x magni- 
fication and mineralogical analysis courtesy of 
Ricardo Sanchez Hernandez and Jasinto Robles 
Camacho of the Laboratorio de Geologia, 
INAH. In ancient times, the surface of the 
block had been carefully ground to prepare for 
the incised text, possibly as an erasable docu- 
ment that could be removed and revised. 

Text analysis.The Cascajal block conforms 
to all expectations of writing (Figs. 4 and 5) (9). 
The text deploys (i) a signary of about 28 dis- 
tinct elements, each an autonomous, codified 
glyphic entity; (ii) a few in repeated, short, iso- 
lable sequences within larger groupings; and 
(iii) a pattern of linear sequencing of variable 
length, with (iv) a consistent reading order. As 
products of a writing system, the sequences 
would by definition reflect patterns of language, 
with the probable presence of syntax and 
language-dependent word order (/0). 

Text orientation is clear. Olmec imagery 
consistently displays vegetal icons, which sprout 
to the top. The appearance of such signs in the 
text demonstrates that the inscription is horizon- 
tal. This orientation is further supported by the 
disposition of “‘sky-band” elements much like 
those on Olmec thrones and later regional ico- 
nography. Reading order is more difficult to 
establish. Most Mesoamerican scripts read left 
to right in unmarked conditions, i.e., when not 
arranged in unusual architectural settings. Left 
to right is likely to be present here, too. Yet, 
there is no strong evidence of overall organiza- 
tion. The sequences appear to be conceived as 
independent units of information, although to 
judge from shared details of carving they were 
recorded by the same hand. 

The signary is likely to be incomplete. Three 
signs appear four times, six appear thrice, 12 
occur twice, and seven occur once. The Cascajal 
block has three two-part sequences: sign 4 plus 
sign 1; sign 17 plus sign 8; and, perhaps, sign 3 
plus sign 19. One sign, of an apparent insect 
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Fig. 3. Photographs of block, side and back views. 
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Fig. 4. Epigraphic drawing of block. 
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positioned as though scaling upward, faces its 
body to the direction of reading. It clearly opens 
sequences. In the shorter sequences, signs do 
not repeat. This is not the case with the two 
longest sequences at the base of the text. The 
chance of deciphering Olmec writing, that is, of 
linking it to language, is low. The sample is 
small, correlations to explanatory imagery are 
absent in the Cascajal block, and the restricted 
number of signs, although pointing by their 
small quantity to an alphabet, is potentially a 
meaningless statistic. With new finds there re- 
mains a strong chance of notable increments in 
the signary, as has proved true for the un- 
deciphered Isthmian writing found not far from 
Cascajal (//). It is evident that some of the signs 
have an iconic origin, a few more transparent 
than others. The paired sets of eyes in signs 24 
and 25 suggest the facial markings seen on some 
Olmec celts of the Middle Formative period 
[figure 44 in (/2)]. Several paired sequences, 


Fig. 5. Cascajal signary. 
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such as the eyes or a throne sign paired with an 
evident mat sign, both common tropes for ruler- 
ship in Mesoamerica, point to poetic couplets 
that are otherwise well attested in formal dis- 
course of the region [figure 11 in (73), (/4)]. If 
valid, the Cascajal examples would illustrate the 
earliest known couplets in Mesoamerica, a 
feature not yet seen in other Olmec icons. Signs 
12, 17, and 27 show a thematic preoccupation 
with maize, or at least the ready use of such 
signs in the creation of a signary. Sign 6 may be 
a skin; sign 8, a strung bead or plaque; sign 10, a 
dart tip; sign 16, an object shown grasped in 
Olmec iconography; sign 18, a bivalve; sign 20, 
a possible perforator; and sign 21, a vertical fish. 
As for dating, iconographic parallels indicate 
that the Cascajal block is best assigned to the 
transition between the Early and Middle Form- 
ative period (~ 1000 to 800 BCE). Signs 12, 16, 
and 20 appear in Early Formative graphs of San 
Lorenzo, but sign 1, with cleft element and 
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inverted V motif, serves as a diagnostic element 
of Middle Formative imagery [figure 12 in 
(/5)]. Similar signs occur on figurines at Canton 
Corralito, Chiapas, Mexico, but even earlier, at 
1150 to 1000 BCE in uncalibrated dates [figure 
3 in (/6)]. The Corralito finds are especially 
relevant. They were excavated after the recovery 
of the Cascajal block, lending further weight to 
the general dating and validity of the text. 

The significance of the find depends on 
whether more examples can be recovered and 
whether these can be salvaged by archaeologists 
rather than road builders, as regrettably occurred 
at Cascajal. It is probable that the Tlaltenco Celt 
and possibly the Humboldt Celt, both from 
Mexico, record the same script, also disposed in 
horizontal sequence [figures 32 and 34 in (/7)]. 
The discovery of a rich inventory of wooden 
sculptures nearby, at El Manati, of slightly earlier 
date, suggests that a dearth of texts today may be 
misleading (J8). A tradition of coeval wood- 
working suggests an ancient reality of abundant 
wooden inscriptions, of which few would survive 
in tropical conditions. The small number of texts 
in Isthmian writing, found also in Veracruz as 
well as into Chiapas, Mexico, proves that a 
robust, widely spread script could exist without 
leaving many examples that last to the present. 

The position of the Cascajal block in the 
development of New World writing, and par- 
ticularly in Mesoamerica, is difficult to estab- 
lish. The Cascajal script bears no secure links to 
later Isthmian writing, which has a quite dis- 
tinct signary although also from Veracruz, nor 
to other writing systems of Middle Preclassic 
Mesoamerica. The dating of the block to the 
Early Formative—Middle Formative transition 
raises the possibility that its writing system is: 
(i) an isolate, devised locally, with no known 
successors or (ii) a widely spread script that 
disappeared before the advent of scripts across 
Mesoamerica in the middle of the first mil- 
lennium BCE. The first view hints that the 
Cascajal block conforms to the domain of 
“shamanic” scripts devised by religious special- 
ists, with tightly restricted, revelatory functions 
and limited use-span (19). Against this view is 
the clear linkage of the script to the widely 
diffused signs of Olmec iconography. The signs 
and sequences of the Cascajal block savor of 
widespread codification, not shamanic idiosyn- 
crasy. The dating of the Cascajal block and its 
formal distinction from all later scripts mean 
that the trajectory of the Cascajal system recalls 
the obsolescence experienced by Indus script at 
about 1900 BCE, with scriptural silence until 
the far later introduction of a script from the 
Near East and intervening regions (20). These 
and other questions relating to content and func- 
tion cannot be resolved until more examples of 
the Cascajal script are found. 
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Probing Nanoscale Ferroelectricity 
by Ultraviolet Raman Spectroscopy 
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We demonstrated that ultraviolet Raman spectroscopy is an effective technique to measure 

the transition temperature (7,) in ferroelectric ultrathin films and superlattices. We showed that 
one-unit-cell-thick BaTiO, layers in BaTiO,/SrTiO, superlattices are not only ferroelectric (with 7. as high 
as 250 kelvin) but also polarize the quantum paraelectric SrTiO, layers adjacent to them. 7. was tuned 
by ~500 kelvin by varying the thicknesses of the BaTiO, and SrTiO, layers, revealing the essential roles 
of electrical and mechanical boundary conditions for nanoscale ferroelectricity. 


as fertile ground for new physical phenome- 

na and devices (/—3). Shrinking dimen- 
sions demand characterization techniques that 
are capable of probing the properties of ferro- 
electrics in, for example, ultrathin films and 
superlattices. In particular, it is difficult to mea- 
sure the ferroelectric phase transition tempera- 
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ture 7, in such systems, and the 7, information 
is largely missing in reports of ferroelectricity in 
nanoscale ultrathin films and superlattices (4, 5). 
One fundamental property of ferroelectrics that 
changes qualitatively during the phase transition 
is the dynamics of lattice vibrations (6). Thus, its 
temperature dependence allows the determination 
of T,. Although lattice dynamics in ferroelectric 
films (7, 8) and superlattices (9) from 150 nm to 
2 um in thickness have been investigated previ- 
ously, such studies are very difficult on films 
thinner than ~100 nm. We report the use of 
ultraviolet (UV) Raman spectroscopy on 
BaTiO,/SrTiO, superlattices with total thicknesses 
down to 24 nm, which enabled us to measure the 
T, of the BaTiO, layers in the superlattices. We 
found that the BaTiO, layers are ferroelectric 
even when their thickness is only one unit cell 
(0.4 nm) and that they can induce polarization in 
the adjacent paraelectric SrTiO, layers that are 
much thicker. By varying the thickness of 
both the BaTiO, and SrTiO, layers, 7, was 
tuned from 250 K below to 235 K above the 
bulk value of BaTiO, (403 K). This result 
shows that under favorable electrical and 
mechanical boundary conditions, ferroelec- 
tricity is robust in nanoscale systems. 
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Conventional visible Raman spectroscopy 
works poorly for thin films of ferroelectrics and 
other wide—band-gap materials because the 
visible photon energy is much smaller than 
the band gap (/0). Consequently, the absorption 
is extremely weak and the penetration depth is 
large, allowing light to travel through the film 
into the substrate, which generates overwhelm- 
ing signals in the Raman spectra. For UV ex- 
citation, the photon energy is above the band 
gaps of ferroelectrics, leading to a much stronger 
absorption and a shorter penetration depth, 
preventing light from entering the substrate. 
UV excitation near the band gap also leads to 
strong resonance enhancement of Raman sig- 
nals. This is demonstrated by Fig. 1, where 
Raman spectra of a BaTiO,/SrTiO, superlattice 
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Fig. 1. Room-temperature Raman spectra of (1) 
a bare SrTiO, substrate (black curve); (2) a 
(BTO,/STO,) x 25 superlattice (T. = 530 K, blue 
curve) measured with visible excitation (514.5 nm); 
and (3) the same superlattice measured with 
351.1-nm UV excitation (red curve). The dashed 
black line shows the bare SrTiO, substrate 
spectrum measured with 351.1-nm UV excitation. 
Triangles show the calculated frequencies of the 
first folded LA doublet. arb., arbitrary. 
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measured with visible (514.5 nm) and UV 
(351.1 nm) excitations are shown. The substrate 
features dominate the 514.5-nm spectrum, but 
they are greatly reduced in the UV spectrum, in 
which peaks of superlattice phonons are clearly 
observed. 

UV Raman spectroscopy has not been wide- 
ly used for measurements of ferroelectric films 
because of technical difficulties such as lower 
throughput efficiency, insufficient dispersion, 
and higher stray light level of UV Raman spec- 
trometers as compared to those operating in the 
visible range. Recently, room-temperature mea- 
surement of SrTiO, films using 325-nm excita- 
tion has been reported (//). The recent progress 
in UV Raman instrumentation has made the mea- 
surement of ferroelectric films possible. In our 
experiment, a triple monochromator was used to 
provide high resolution and effective reduction of 
stray light (12). Powerful laser sources and op- 
timized optical paths were used to improve the 
throughput. With these setups, we have measured 
Raman scattering in BaTiO,/SrTiO, superlat- 
tices as thin as 24 nm and in (Bay <Sr, <)TiO, 
films that were 10 nm thick. 

The BaTiO,/SrTiO, superlattices are denoted 
by (BTO,/STO,,) x number of periods, where 
n and m refer to the thickness, in unit cells, of 
the BaTiO, and SrTiO, layers, respectively. 
They were all grown on (001) SrTiO, sub- 
strates. Details of the sample preparation by 
reactive molecular-beam epitaxy (/3) and struc- 
tural characterization are presented in the sup- 
porting online material (/2). 

Curve 3 in Fig. | is typical of the UV Raman 
spectra of BaTiO,/SrTiO, superlattices below 
T., exhibiting strong first-order (single-phonon) 
peaks as labeled in the figure. Weak second- 
order (two-phonon) features from the SrTiO, 
substrate can be seen between 600 and 700 
cm™! and as a background in the range from 
200 to 500 cm™!. The phonon mode assignment 
was made by comparison with the spectra of 
SrTiO, and BaTiO, single crystals (/2) and with 
the help of first-principles calculations. The 
lines at about 290 cm™! have similar positions 
and shapes to the TO, modes of A, symmetry 
of the tetragonal-phase BaTiO, (/4, /5); thus, 
they are assigned to the BaTiO, layers. The line 
at about 180 cm! corresponds closely to the 
TO, line in the electric field-induced Raman 
spectrum of SrTiO, crystals (/6). It is not from 
the SrTiO, substrate, because the first-order 
Raman lines are symmetry-forbidden in bulk 
SrTiO, (/7). Although the TO, mode of A, 
symmetry of BaTiO, is at about the same posi- 
tion (177 cm~!), it has markedly different rela- 
tive intensity and shape (74) from the 180-cm7! 
line. Therefore, we attribute this line to the TO, 
phonon in the SrTiO, layers. The LO, and TO, 
modes involve both SrTiO, and BaTiO, layers 
and extend through the superlattice. A doublet 
of folded longitudinal acoustic (LA) phonons 
due to the superlattice periodicity (18) is also 
observed. The two triangles indicate the pre- 
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dicted first-doublet frequencies by an elastic 
continuum model (/9). The observation of the 
LA phonon folding suggests that these super- 
lattices possess the requisite structural quality 
for acoustic Bragg mirrors and cavities used for 
coherent phonon generation (20, 2/). 

Bulk crystalline BaTiO, is cubic and para- 
electric above 7, = 403 K, becomes tetragonal 
and ferroelectric below 7., and goes through 
additional transitions to orthorhombic at 278 K 
and rhombohedral at 183 K (22). Bulk crystal- 
line SrTiO, is paraelectric at all temperatures 


A (BTO,/STO,,)x20 


B (BTO,/STO,)x10 


REPORTS 


because of quantum fluctuations (23). The tem- 
perature evolution of Raman spectra for two 
superlattice samples is shown in Fig. 2A 
(BTO,/STO,,) x 20 and Fig. 2B (BTO/STO,) x 
10. The shapes and positions of the BaTiO, 
lines at low temperatures are characteristic of 
BaTiO, in the tetragonal phase (/2, 14, 15), 
indicating that the BaTiO, layers are tetragonal 
and ferroelectric below 7.. The presence of the 
first-order Raman lines of SrTiO, shows that 
the SrTiO, layers are polar because the first- 
order lines are symmetry-forbidden in nonpolar 


Fig. 2. Temperature evolution of 
UV Raman spectra of superlat- 
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Fig. 4. Dependence of 7. on n and m in super- 
lattices BTO_/STO_. Blue symbols are for m = 4 and 
red symbols are for m = 13. Open triangles are 
from temperature-dependent XRD measurements. 
Circles with lines are from the 3D phase-field model 
calculations. The black horizontal dash-dotted line 
shows the 7. in bulk BaTiO, 


SrTiO, (/7). The intensities of the first-order 
superlattice phonons decrease as the tempera- 
ture increases and disappear at 7.. Above 7., 
the spectra contain only the second-order fea- 
tures, as expected from the symmetry selection 
rules. When the BaTiO, layers are paraelectric, 
the induced polarization in the SrTiO, layers 
also disappears. 

By plotting the first-order Raman intensity 
as a function of temperature, we can accurately 
determine 7, as the temperature where the in- 
tensity becomes zero. For this purpose, the TO, 
and TO, phonon lines are the most suitable be- 
cause they do not overlap with the second-order 
features. The results, with the phonon inten- 
sities normalized by the Bose factor n + 1 = 
{1 — exp[-(“/,,)@/kT]}~! (where h is 
Planck’s constant, w is phonon frequency, k 
is Boltzmann’s constant, and T is temperature) 
and by the intensities at 7 K, are presented 
for four superlattices: (BTO,/STO,) x 40 
and (BTO,/STO,) x 25 in Fig. 3A and 
(BTO,/STO,) x 10 and (BTO,/STO,) x 40 
(strain partially relaxed) in Fig. 3B. Both TO, 
and TO, phonons show similar behaviors, and 
the dashed-dotted lines are linear fits to the 
average of the two modes. The linear fit corre- 
sponds to a parabolic decrease of polarization 
with temperature, because Raman intensity is 
proportional to the square of atomic displace- 
ment. The intersection of a dash-dotted line 
with the horizontal axis is taken as the T, of the 
sample. 

The temperature dependence of polarization 
from a phase-field model calculation (24) is 
plotted in Fig. 3, C and D, for the same samples 
as in Fig. 3, A and B. The model assumes that 
the BaTiO, and SrTiO, layers in the super- 
lattices have their respective bulk elastic and 
thermodynamic properties. The in-plane lat- 
tice constant is commensurately constrained to 


the SrTiO, substrate except for the partially 
relaxed case, and the top surface is stress-free. 
The surface depolarization field is ignored and 
a short-circuit electrostatic boundary condition 
is employed. A computational cell of 64 nm 
along the two in-plane directions and one unit 
cell along the growth direction was employed. 
The corresponding three-dimensional (3D) 
time-dependent Ginzburg-Landau equations 
are then numerically solved using the pertur- 
bation method with semi-implicit Fourier- 
spectral algorithms (25). The result reveals a 
spontaneous polarization along the growth 
direction with multiple 180° domains in the 
BaTiO, layers, which induces polarization in 
the adjacent SrTiO, layers, whose magnitude 
and distribution vary with the thickness and 
domain size of the BaTiO, layers. The 
spontaneous polarization in the BaTiO, layers 
becomes zero at 7., and the predicted 7, 
values agree with those from the Raman data. 
This is remarkable considering that no fitting 
parameters from the Raman experiments are 
used in the calculations. 

In Fig. 4, 7, determined by the Raman data, 
x-ray diffraction (XRD), and the phase-field 
model are shown as a function of the BaTiO, 
and SrTiO, layer thicknesses. The XRD mea- 
surement provides an additional confirmation of 
the Raman results, where a change in the tem- 
perature dependence of the out-of-plane lattice 
constant can be taken as an indication of 7, (12). 
The figure shows that the BaTiO, layers in the 
superlattices are ferroelectric even when their 
thickness is only one unit cell, with a 7, as high 
as 250 K. T, increases with increasing n as the 
dipole-dipole interaction in BaTiO, layers be- 
comes stronger, whereas large m suppresses 7”, 
by reducing the coupling between the BaTiO, 
layers. By changing the values of 7 and m, we 
were able to tune 7, from 151 to 638 K; that is, 
from 250 K below to 235 K above the bulk 
value of BaTiO,. The higher-than-bulk 7, is 
due to the strain in the BaTiO, layers, just as 
strain enhances 7. in single-layer ferroelectric 
films (26, 27). When the strain is partially 
relaxed in sample (BTO,/STO,) x 40, 7, drops 
almost to the bulk BaTiO, value. Although 
the 3D phase-field model allowing domain 
formation provides a good description of the 
Raman data, simulations assuming a single 
domain in the BaTiO, layers yield significantly 
lower T, for m = 13, demonstrating the impor- 
tance of domain formation in theoretical cal- 
culations (28). 

We now can conclude that ferroelectricity 
can be very strong in one-unit-cell-thick BaTiO, 
layers (T, ~ 250 K for n/m = 1/4). The electrical 
boundary condition plays a critical role. With the 
highly polarizable SrTiO, in contact with the 
BaTiO, layers, the critical thickness is reduced 
to a single unit cell. Meanwhile, the mechanical 
boundary condition imposed by the SrTiO, 
substrate leads to strain in the BaTiO, layers 
and thus to enhanced ferroelectricity. The in- 


terplay between the electrical and mechanical 
boundary conditions enables the tuning of 7, by 
nearly 500 K. 
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Near-Threshold Inelastic Collisions 
Using Molecular Beams with 


a Tunable Velocity 


Joop J. Gilijamse,” Steven Hoekstra,’ Sebastiaan Y. T. van de Meerakker,’* 


Gerrit C. Groenenboom,”* Gerard Meijer? 


Molecular scattering behavior has generally proven difficult to study at low collision energies. 
We formed a molecular beam of OH radicals with a narrow velocity distribution and a tunable 
absolute velocity by passing the beam through a Stark decelerator. The transition probabilities for 
inelastic scattering of the OH radicals with Xe atoms were measured as a function of the collision 
energy in the range of 50 to 400 wavenumbers, with an overall energy resolution of about 13 
wavenumbers. The behavior of the cross-sections for inelastic scattering near the energetic 
thresholds was accurately measured, and excellent agreement was obtained with cross-sections 
derived from coupled-channel calculations on ab initio computed potential energy surfaces. 


he study of collisions between gas- 
phase atoms and molecules is a well- 
established method of gathering detailed 
information about their individual structures 
and mutual interaction (/). The level of detail 
obtained by these studies depends on the qual- 
ity of preparation of the collision partners 
before the collision (2-4) and on how accurate- 
ly the products are analyzed afterward (5—7). In 
recent years, it has become increasingly possi- 
ble to control the internal and external degrees 
of freedom of the scattering partners, allowing 
the potential energy surfaces that govern the 
molecular collisions to be probed in ever greater 
detail. The most detailed information is ob- 
tained when crossed molecular beams are used 
to produce intense jets of molecules with a 
well-defined velocity, confined to only a few 
internal quantum states. Further state selection 
can be achieved by optical preparation of a 
single quantum state or by purification of the 
beam with the use of electrostatic or magnetic 
multipole fields (2, 3). These methods allow 
the orientation of the molecules to be controlled 
before the collision (8, 9) and the orientation of 
the scattered products to be measured (/0). 
One of the most important parameters de- 
scribing a scattering event is the collision ener- 
gy of the scatterers. However, control over the 
collision energy has been a difficult experimen- 
tal task. Since the 1980s, ingenious crossed- 
beam machines have been engineered to vary 
the crossing angle of the intersecting beams, 
allowing variation of the collision energy while 
maintaining particle densities high enough for 
scattering (//). It was thereby possible to mea- 
sure threshold behavior of rotational energy 
transfer (/2, /3) or to tune the collision energy 
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over the reaction barrier for reactive scattering 
(14, 15). These methods led to considerable im- 
provement in the control over collision energy at 
high energies—for example, to probe short- 
range interactions. However, a similar level of 
control over collisions at low energies, which 
are sensitive probes for long-range interactions, 
is generally lacking. The angle of the intersect- 
ing beams cannot be varied to arbitrarily small 
values; and at low collision energies, the energy 
resolution, which is determined by the velocity 
spread of both beams, rapidly becomes compa- 
rable to the collision energy. 

Low-energy collisions of atoms and mole- 
cules interrogate the part of the interaction 
potential energy surface that is relevant for the 
formation of long-lived complexes. From reso- 
nance phenomena in the scattering signal as a 
function of collision energy, accurate informa- 
tion on the interaction can be extracted (/6—/8). 
Near the energetic thresholds for inelastic 
scattering, resonant states can be formed when 
the colliding complex begins to rotate, leaving 
the constituents with insufficient translational 
energy to overcome their van der Waals 
attraction. Methods to experimentally extract 
information on these resonances are extremely 
limited. Thus far, low-energy collisions have 
only been studied in cryogenic cell envi- 
ronments (19) or in supersonic gas expansions 
that are specifically designed to maintain a 
thermal equilibrium at temperatures as low as 
6 K (20). Recently, reports have appeared on 
the study of cold inelastic collisions between 
alkali atoms and dimers in an optically trapped 
gas (2/, 22). 

An alternative experimental approach to 
studying collisions at a low and/or variable en- 
ergy is to produce molecular beams with a low 
and/or variable velocity (23). Mechanical ve- 
locity selectors can be used to select molecules 
with a narrow velocity distribution out of 
molecular beams (24), but the particle densities 
and velocities that can be reached are set by the 
original velocity distribution of the beam. Ex- 
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quisite control over the velocity of polar mol- 
ecules in a molecular beam has only been 
possible since the development of the Stark de- 
celeration technique. The Stark decelerator for 
neutral polar molecules is the equivalent of a 
linear accelerator for charged particles and ex- 
ploits the interaction of a polar molecule with 
inhomogeneous time-varying electric fields 
(25, 26). The deceleration (or acceleration) 
process can be seen as slicing a packet of 
molecules with a narrow velocity distribution 
out of the densest part of the molecular beam 
pulse. This packet can then be decelerated or 
accelerated to any velocity, maintaining the 
narrow velocity distribution and the particle 
density in the packet. In a crossed-beam con- 
figuration, this tool offers the revolutionary ca- 
pability to study elastic or inelastic and reactive 
scattering as a function of the continuously 
variable collision energy, from low to high 
collision energies, and with a high intrinsic en- 
ergy resolution. The computer-controlled ve- 
locity of the molecular beam allows scanning 
of the collision energy in an otherwise fixed 
experimental geometry. The deceleration pro- 
cess is highly quantum-state specific, and the 
state purity of the bunches of selected mole- 
cules that emerge from the decelerator can be 
close to 100%. Moreover, the decelerated mol- 
ecules are all naturally spatially oriented, and 
steric effects can therefore in principle be 
studied as well. 

Here, we report the use of a Stark-decelerated 
molecular beam with a tunable and narrow veloc- 
ity distribution in a molecular beam scattering 
experiment. In a crossed-beam setup, rotationally 
inelastic scattering between state-selected OH 
radicals LX7II,,,, v = 0, J = 3/2, f (27), referred 
to hereafter as F,(3/2f)] and Xe atoms is 
studied throughout the 0.14 to 1.14 kcal/mol 
(50 to 400 cm~') region, with an overall energy 
resolution of ~0.03 kcal/mol (13 cm~!). We 
chose the OH-rare gas system because at higher 
collision energies, rotationally inelastic colli- 
sions have been studied for this system in great 
detail, both experimentally and theoretically; 
state-to-state cross-sections and the effects of 
molecular orientation have been determined 
(28, 29). The energy range covered in this study 
encompassed the energetic thresholds for in- 
elastic scattering down to the lowest rotational 
levels of OH. The threshold behavior of the 
inelastic state-to-state cross-sections was accu- 
rately measured and was compared with the 
outcome of coupled-channels calculations on a 
computed OH-Xe potential energy surface. 

A molecular beam of OH radicals in the 
low-field-seeking F',(3/2f) state was deceler- 
ated, guided, or accelerated with the use of a 
Stark decelerator (Fig. 1). The time-of-flight 
profile of the radicals that exit the decelerator is 
shown for a typical setting of the decelerator. 
The densest part of the OH beam, with an orig- 
inal velocity of 450 m/s, was selected and 
slowed down to a final velocity of 281 m/s. The 
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decelerated packet of radicals arrived temporal- 
ly delayed in the field-free interaction region 
and was scattered with a beam of pure Xe un- 
der an angle of 90°. In the experiments, the 
velocity of the OH radicals was varied from 33 
to 700 m/s; the contribution of the OH radicals 
to the center-of-mass (CM) collision energy 
(E.,,) was thereby varied from less than | to 
~310 cm7!. The contribution of the width of the 
OH velocity distribution to the overall energy 
resolution was very small. The maximum rota- 
tional state purity of the packet of OH F,(3/2f) 
radicals before the collision was measured to be 
=99.7%. Contamination of the inelastic state-to- 
state scattering data by initial populations in 
different quantum states was negligible. 

The xenon beam was produced by expan- 
sion of Xe at 2.5-atm backing pressure from a 
cooled pulsed valve (—70°C), resulting in a 
beam with a velocity of ~300 m/s. The exact 
velocity of the Xe atoms depends on the de- 
tailed settings of the pulsed valve as well as the 
timing of the collision event within the Xe gas 
pulse, and these settings were kept fixed during 
the measurements. Although the exact velocity 
of the Xe atoms was not measured, the constant 
contribution of the Xe atoms to the CM col- 
lision energy of ~60 cm~! was sufficiently low 
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that the total CM collision energy could be 
tuned over the energetic thresholds for scat- 
tering into both parity components of the 
F (5/2) level (84 cm~! excitation energy) and 
the F,(1/2) level (121 cm™~! excitation energy). 
The approximate 10% velocity spread in the Xe 
beam was by far the dominant contribution to 
the overall energy resolution in this experiment. 

Saturated laser-induced fluorescence with 
tunable pulsed lasers was used to detect the OH 
radicals (30). For each setting of the OH ve- 
locity, the populations in the F’,(3/2e), F,(3/2f), 
F,(5/2e), F,(5/2f), and F,(1/2e) levels were 
measured, both with and without collision of 
the Xe beam with the OH beam. The decrease 
of population in the F’',(3/2f) level due to scat- 
tering with the Xe atoms was about 1%, 
indicating that single-collision conditions were 
fulfilled in the experiment. The signals asso- 
ciated with the scattering products were nor- 
malized by the signal of the incoming OH 
F,(3/2f) radical beam. Different excitation 
rates for the different branches of the optical 
transitions used to probe the different levels 
were taken into account to relate signal inten- 
sities to populations. Thus, transition proba- 
bilities for inelastic scattering to the F’,(3/2e), 
F(5/2e), F,(5/2f), and F,(1/2e) levels were 
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Fig. 1. Schematic representation of the experimental setup and the energy-level scheme of the OH 
radical. The OH radical beam is produced by photodissociation of gaseous HNO, that is coexpanded 
with a noble carrier gas (Ar, Kr, or Xe) into a vacuum. The beam is skimmed and radicals in the low- 
field-seeking F,(3/2f) state are focused with a hexapole into the Stark decelerator, where the beam is 
decelerated, guided, or accelerated to a velocity in the 33 to 700 m/s range. A typical time-of-flight 
(TOF) profile is shown in the left inset. The selected packet of radicals arrives temporally separated in 
the scattering region and is scattered with a beam of pure Xe at an angle of 90°, under single- 
collision conditions. The collision-induced populations in the F,(1/2), F,(3/2), and F,(5/2) rotational 
levels are probed before and after the collisions using a pulsed dye laser system in a saturated laser- 
induced fluorescence (LIF) scheme. The fluorescence is imaged onto a photomultiplier tube (PMT). In 
the energy-level scheme shown in the right inset, the splitting between both parity components of 
each rotational level is largely exaggerated for reasons of clarity. 


obtained as a function of the OH contribution 
to the CM collision energy (Fig. 2). Collisions 
populating the F’,(3/2e) level were most likely. 
Within the F’,(5/2) level, collisions populating 
the lower A-doublet component of e parity were 
favored, consistent with findings of other 7TI— 
rare gas systems (28, 29). For the F’,(3/2e) and 
the F',(5/2e) and F,(5/2f) levels, the transition 
probabilities were almost constant at higher col- 
lision energies. Close to the F’,(5/2) energetic 
threshold, collisions populating either one of the 
parity components of this level became less 
probable, and the transition probabilities for 
these levels dropped sharply. The only inelastic 
channel that was exoenergetic was scattering 
to the F’,(3/2e) level, and its transition proba- 
bility showed an increase at low collision 
energies. Excitation to the F,(1/2) level required 
a spin-orbit—-changing collision, for which the 
cross-sections are generally lower than for a 
spin-orbit—-conserving collision. The transition 
probability for this channel also showed a clear 
threshold behavior. 

The theoretical framework to compute cross- 
sections for inelastic collisions of *I-state mol- 
ecules such as OH with 'S-state atoms such as 
Xe is well established (3/). The electronic de- 
generacy of the II state is lifted upon the ap- 
proach of the atom, and two potential energy 
surfaces are required to describe the system. 
Contour plots of the potentials are shown in 
Fig. 3. We computed the potentials with the 
partially spin-restricted open-shell coupled- 
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Fig. 2. Probabilities for inelastic scattering of OH 
F,(3/2f) radicals in collisions with Xe atoms to the 
F,(3/2e), F,(5/2e), F,(5/2f), and the F,(1/2e) levels 
as a function of [1/2] [(mg,m,,/mo, + m,,)] 
Voy2—1.€., as a function of the contribution of OH 
to the CM collision energy (where m,,, and m,, 
are the mass of OH and Xe, respectively, and V,,, 
is the velocity of the OH radicals in the laboratory 
frame). The horizontal error bars represent the 
uncertainty in collision energy that results from 
the velocity spread of the OH beam, which is 
different for every setting of the decelerator. The 
vertical error bars represent the statistical spread 
of the data as obtained from repeated runs of the 
experiment. 
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Fig. 3. (A) Contour plots of the A’ (upper) and A” (lower) potential surfaces in cm~1. The potentials are 
computed with the RCCSD(T) method. A large one-electron basis consisting of the augmented-correlation 
consistent polarized valence quadruple zeta (aug-cc-pVQZ) set is used, extended with a set of (3s, 3p, 2d, 
1f, and 1g) mid-bond orbitals with geometry-dependent exponents (38). The angular dependence of the 
sum of the potentials is represented by a Legendre polynomial expansion and the difference of the two 
potentials by associated Legendre functions, as required by theory (31). The proper R~” analytic form is 
used for the radial dependence of the long-range expansion of the sum potential, and the reproducing 
kernel Hilbert space interpolation method (39) is used for the radial dependence of the short and 
intermediate range of the sum potential and for the difference potential. We tested the fit by performing 
additional ab initio calculations for 75 random geometries and found it to be very accurate: The errors at 
these points were on the order of a few tenths of a cm~* or less. A fortran code of the potentials is 
available as supporting online material. (B) Computed cross sections for the first 10 channels, computed 
on a collision energy grid of E., = 5, 10, 15, ..., 400 cm~+. The solid and dashed lines correspond to 
channels of f and e spectroscopic labeling, respectively. The F,(3/2f) channel is the elastic channel. In the 
Hamiltonian we used the OH rotational constant B = 18.5487 cm~}, the spin-orbit coupling constant A = 
—139.21 cm~4, and A-doubling parameters p = 0.235 cm~1 and q = —0.0391 cm~+. The channel basis 
included all OH rotational states with angular momentum J < 21/2. The highest total angular momentum 
in the basis has F = 271/2 and all F < 201/2 are present. The renormalized Numerov method was used to 
propagate the wave function from R = 4 to 35 a,, where a, is the Bohr radius. Our computer code is 
verified by reproducing bound-state and scattering calculations on similar systems from the literature. 


cluster method with single and double excita- 
tions and perturbative triples [RCCSD(T)] (32), 
as implemented in the MOLPRO 2002 program 
package (33). Interaction energies were ob- 
tained as the difference between the energy of 
the complex and the energies of the fragments. 
We computed the fragments in the same one- 
electron basis set as the complex to avoid the 
so-called basis set superposition error. This 
method is one of the best available to compute 
highly accurate potentials of weakly interacting 
systems. The Xe atom has 54 electrons; the 28 
inner shell electrons are described by a rel- 
ativistic pseudopotential (34). The interaction 
energies were computed for 300 geometries on a 
two-dimensional grid with 15 Gauss-Legendre 
points in the Jacobi-angle (@) and atom- 
molecule separations up to R = 20 ay. The OH 
bond length is kept fixed at ry = 1.8502 a). We 
used an analytical representation of the poten- 
tials (Fig. 3). The global minimum of —224 
cm~! occurs on the 4’ potential for a T-shaped 
geometry. This potential has a local minimum 
for a linear OH-Xe geometry (0 = 0°). 
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To compute the inelastic cross-sections, we 
performed fully converged coupled-channel 
calculations. The Hamiltonian includes the OH 
rotational, spin-orbit, and A-doubling terms. 
We used the R-embedded body-fixed channel 
basis for which the potential energy matrix 
elements are given in (35). Convergence of the 
cross-sections with respect to all parameters has 
been tested to be better than 1%. According to 
Wigner’s threshold laws (36), the inelastic cross- 
sections at low energies are proportional to the 
square root of the excess energy. We found that 
in this case, a square root energy dependence 
holds approximately for several points above 
threshold on our 5 cm! interval grid as well. 

Relating the measured energy-dependent 
transition probabilities (Fig. 2) to the calculated 
inelastic cross-sections (Fig. 3) requires detailed 
information on the relative velocity of the scat- 
terers, the actual time interval during which 
scattering events are probed, and the detec- 
tion probability of the scattered products (/2). 
Systematic effects, such as the collision energy— 
dependent time interval for scattering and inten- 
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Fig. 4. Comparison of the collision energy 
dependence of the measured (data points with 
error bars) and calculated (solid curves) relative 
cross-sections—i.e., the fractional scattering of 
OH radicals into one of the F,(3/2e), F,(5/2e), 
F,(5/2f), or F,(1/2e) channels. 


sity and velocity of the incoming OH beam, 
cancel out when the relative inelastic transition 
probabilities are extracted from the measured 
absolute transition probabilities given in Fig. 2. If 
we assume an identical detection probability of 
the scattered products for the different inelastic 
channels for a given collision energy (37), the 
relative inelastic transition probabilities directly 
yield the relative cross-sections for inelastic 
scattering (Fig. 4). The horizontal axis is given 
an offset compared with the one in Fig. 2 to 
include the contribution of the Xe atoms to 
Eon: The positions of the energetic thresholds 
are known with spectroscopic accuracy, and we 
obtained the best agreement when a velocity of 
the Xe atoms of 320 m/s was taken. The theo- 
retical inelastic cross-sections (Fig. 3) were first 
convoluted with the experimental energy reso- 
lution, and we used the resultant values to cal- 
culate the relative cross-sections (solid curves in 
Fig. 4). Excellent agreement between theory and 
experiment was obtained throughout the range of 
collision energies probed. The ratio of scattering 
into the different channels, and, in particular, the 
shape of the inelastic cross-sections around 
threshold is perfectly reproduced. 

Our measurements provide a very sensitive 
probe for the theoretical potential energy surfaces, 
from which a detailed understanding of the 
collision dynamics can be obtained. A next step 
will be to use two crossed velocity-tunable 
molecular beams or to collide the velocity-tunable 
beam with a stationary (i.e., trapped) sample of 
cold or ultracold atoms or molecules. In such 
systems, quantum state—-selected atom-molecule 
and molecule-molecule collisions can be studied, 
down to collision energies less than 1 cm™!, with 
a fraction of a wavenumber energy resolution. 
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Evidence for a Polar Ethane 


Cloud on Titan 
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Spectra from Cassini’s Visual and Infrared Mapping Spectrometer reveal the presence of a vast 
tropospheric cloud on Titan at latitudes 51° to 68° north and all longitudes observed (10° to 
190° west). The derived characteristics indicate that this cloud is composed of ethane and forms as 
a result of stratospheric subsidence and the particularly cool conditions near the moon's north 
pole. Preferential condensation of ethane, perhaps as ice, at Titan's poles during the winters may 
partially explain the lack of liquid ethane oceans on Titan’s surface at middle and lower latitudes. 


display large clouds only where solar heat- 

ing is greatest, which presently occurs at 
high southern latitudes (/-3). The morpholo- 
gy of Titan’s southern clouds indicates that 
they are convective, composed of methane, and 
result from the summer heating of Titan’s sur- 
face and updrafts from Titan’s summer Hadley 
cell (1, 4-6). Similar processes instigate the 
formation of thunderstorms on Earth. The latent 


P=: images of Saturn’s largest moon, Titan, 
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heat of Titan’s major condensable constituent, 
methane, is large enough that, like water on 
Earth, adiabatic lifting and consequent cooling 
of air cause cloud formation (7). In contrast, at 
high northern latitudes, air circulates down- 
ward from the dry stratosphere (above an 
altitude of 40 km) and is heated through 
compression, which prevents the formation of 
methane clouds. 

Spectral images of Titan’s northern hemi- 
sphere, recorded by Cassini’s Visual and In- 
frared Mapping Spectrometer (VIMS) (8), 
indicate a ubiquitous bright band at 51° to 
68°N latitude, at the edge of Titan’s arctic circle 
(Fig. 1). Its presence at higher latitudes cannot 
be determined because of a lack of illumina- 
tion. The band appears at wavelengths that 
detect altitudes above 30 km (1.9, 2.13, and 2.7 
to 2.9 um) yet not at wavelengths that probe 
altitudes above 60 km (for example, at 1.67, 
2.25, and 3.2 1m), indicating that particles near 
an altitude of 40 km are the cause (Fig. 2). Un- 
like Titan’s southern clouds, this northern cloud 
shows no hourly variability and is diffusely 


spread over a large area, with only small con- 
tinuous variations in optical depth between 
adjacent pixels (Fig. 1). 

The cloud appears at latitudes where Titan’s 
general circulation concentrates and_ transports 
photochemical products, principally ethane, to 
lower altitudes, where they condense and may 
form clouds (6). Methane (the second most abun- 
dant atmospheric constituent after nitrogen) is 
dissociated irreversibly by solar ultraviolet light, 
producing primarily ethane and, at one-sixth and 
one-10th of the ethane production rate, respec- 
tively, acetylene and haze, as well as other less 
abundant organic molecules (9, 0). These pho- 
tochemical by-products precipitate to Titan’s 
surface. Titan’s atmospheric composition and 
photochemical models indicate that ethane 
accumulates as a liquid (at the equatorial surface 
temperature of 93.5 K) at a rate of ~300 m (if 
global) over Titan’s lifetime of 4.5 billion years, 
whereas solid sediments, including acetylene 
and haze particles, accumulate at roughly one- 
third of this rate (/0). Thus, unless methane is a 
recent addition to Titan’s atmosphere (//) or 
ethane incorporates itself into surface solids 
(12), it has been reasoned that a considerable 
fraction of the surface should be covered with 
liquid ethane (/3). Titan’s surface reveals dunes 
of solid sediments, probably including haze par- 
ticles and acetylene ice (/4). In addition, the 
surface is riddled with alluvial features (15-17), 
suggesting the occurrence of methane rain in the 
past. Craters are rare, indicating geological 
relaxation as well as their burial by photochem- 
ical sediments (/5, 16, 18). Yet Titan appears 
depleted of its most abundant photochemical 
by-product. Except for the ethane-damp surface 
measured by Huygens (19), no condensed form 
of ethane has been detected (20), despite its 
rapid production in Titan’s stratosphere and 
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the expectation of finding ethane-rich oceans 
before the Cassini encounter (/3). 

To determine the nature of Titan’s northern 
cloud, whether it formed from methane or from 
the condensation of ethane and other photo- 
chemical by-products, we primarily analyzed 
the 2- to 2.5-um, 2.8- to 3.2-tum, and 4.9- to 
5.1-uum wavelength regions of VIMS’ 0.88- to 
5.11-~um spectra, which provide the clearest 
views down to the troposphere (2/). The ra- 


Fig. 1. Titan's 2.8-11m albedo, mul- 
tiplied by the function (11 + pu) ,°3 
(where j1, and 1 are the cosines of 
the illumination and emission an- 
gles), to lessen effects due to dif- 
ferences in illumination across the 
disk, indicates a cloud (red area) 
near 56°N. The cloud appears at all 
west longitudes observed: 115° to 
190° (A), 10° to 118° [(B) and (Q)], 
and 25° to 95° (D). Sunlight scat- 
tering off the limb (referred to as 
limb brightening) also appears red 
in (D). Titan’s tilt prevents the 
illumination of latitudes exceeding 
70°N. The pixel resolution (horizon- 
tal by vertical) is in the range from 
(50 to 95) by (50 to 150) km2. Im- 
ages were recorded at 6:26 universal 
time (UT) 13 December 2004 (A), 
4:25 UT 22 August 2005 (B), 23:44 
UT 21 August 2005 (C), and 2:55 UT 
7 September 2005 (D). NP, direction 


diative transfer equation was solved with the 
discrete-ordinates approximation to simulate the 
absorption and scattering of Titan’s atmosphere 
and surface (22). We first constrained the optical 
depths of the gases and haze above the clouds. 
We quantified methane absorption with line-by- 
line techniques (5) and new methane line 
parameters at 2.8 to 3.2 um (23, 24) and cal- 
culated pressure-induced H, and N, absorption 
using laboratory data (25). Real and imag- 


of the north pole; x, subspacecraft point; yellow arrow, direction of solar illumination. 


Fig. 2. (A) The change in Titan’s A 
albedo with latitude, made from a 
horizontal cut (at the 19th pixel row t 
from the top) through the image in 6 
Fig. 1B at wavelengths of 2.11 um $0.03 
(black squares) and 2.17 um (pur- 2 t 
ple diamonds), which probe the 30- 

to 50-km and 60- to 80-km altitude 
ranges, respectively. The cloud band 
appears north of 51°N latitude at 
2.11 um but not at 2.17 um. (B) B 
VIMS spectra recorded within (red 


circles) and outside of (blue squares) “ea 


the bright cloud band (recorded 
at 23:04 UT 21 August 2005) are 
compared to calculated spectra that 
assume the absence of a cloud (green 
line) and the presence of a cloud at 
an altitude of 40 km of optical depth 
0.02 (orange line). (Inset) The same 
observations shown over a larger ac S 
wavelength region than that modeled 
in (B) (black rectangle) indicate in- 
creased brightness due to the cloud 
at wavelengths (1.9, 2.13, and 2.7 to 
2.9 um) that detect the tropopause. 
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for this pair of spectra, more highly 
reflective from cloudless terrain than 
cloudy terrain. The spectral resolution 
is 0.017 um. 
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inary indices of refraction of 1.35 and 0.0001, 
respectively, for ethane were assumed at both 
2.1- and 2.9-tum wavelengths (26). We also as- 
sumed the presence of spherical haze particles 
having radii of 0.2 um from altitudes of 180 
to 90 km. Below 90 km, radii increase with 
atmospheric pressure to 0.8 jim at the altitude 
of 40 km (5). Analyses of the cloudless 2.1- to 
2.2-tum spectra indicate a haze profile whose 
density decreases with altitude, with a scale 
height of 60 km above an altitude of 100 km; a 
particle density of 21 cm at 130 km; and a 
constant density of 30 cm from an altitude 
of 90 to 100 km, 9 cm-> from 70 to 90 km, and 
1 cm? from 30 to 70 km. Although other pro- 
files also match the data, we can accurately 
estimate the haze optical depth above the cloud 
(0.16 at 2.1 ttm), because it considerably ex- 
ceeds the gas optical depth (0.05). A compar- 
ison of the calculations to the observed slope of 
Titan’s 2.11- to 2.18-~m spectra provided the 
cloud heights (5). The 2.0-, 2.8-, and 5.0-um 
albedos indicated the cloud optical depths. 
These values allowed us to estimate the size of 
the cloud particles (5) and their column mass, 
which provide clues to the formation and com- 
position of Titan’s northern cloud. 

We analyzed the spectra lying within the 
48° to 55°N latitude band that were farthest 
from the terminator and thus most directly il- 
luminated by the Sun. The cloud was found to 
reside at altitudes of 30 to 50 km, with no trace 
of clouds above 60 km (Fig. 2), suggesting that 
we were not simply observing the low-altitude 
sedimentation of Titan’s stratospheric hazes 
and condensates (27, 28). At 55°N latitude, the 
cloud’s optical depth was 0.06 + 0.01 at both 
2.1- and 2.9-um wavelengths, assuming the 
optical constants of ethane. The error quoted 
above (0.01) refers to the 30 standard deviation 
that results from noise. If the optical constants 
of haze are assumed, we derive optical depths 
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Fig. 3. The yearly average precipitation of ethane 
(dashed line) according to the GCM model of 
Rannou et al. (6). The downwelling circulation 
branch surrounding the poles during the winters 
causes ethane to descend from the stratosphere to 
the tropopause, where it condenses and precip- 
itates to the surface. Consequently, ethane is 
predicted to accumulate in Titan’s polar regions. 
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of 0.06 + 0.01 at 2.1 um and 0.12 + 0.01 at 
2.9 um. Near 1.64 um, VIMS spectra are cor- 
rupted because of a filter gap (8). The remain- 
ing spectral windows, 0.94, 1.08, and 1.28 um, 
did not display albedo changes from the cloud, 
because the two-way optical depth to the 
cloud altitude exceeds unity, which is a result of 
the oblique solar illumination and the high 
scattering efficiency of the haze. We found that 
a cloud of optical depth 0.1 at 2.9 um would be 
imperceptible at these lower wavelengths for 
particles larger than 1 pm. At 5 um, Titan’s 
haze scatters inefficiently, with an optical depth 
of less than 0.1. Yet no cloud signature was 
detected, indicating cloud optical depths smaller 
than 0.01. This constraint, taken together with 
the optical depths at 2.1 and 2.9 um, indicates 
that the particle sizes were smaller than 3 pm. 
Thus, the effective radius of the cloud particles 
is 1 to 3 um. 

Titan’s northern cloud consists of smaller 
particles than those composing the methane 
clouds in the south, whose radii exceed 10 pm. 
Particles with radii exceeding 50 um are ex- 
pected from methane condensation as a result of 
Titan’s low density of nucleation sites, coupled 
with methane’s high mixing ratio (29). The 
large southern particles suggest that in the north, 
where atmospheric conditions are similar, meth- 
ane condensation similarly leads to particles 
with radii exceeding 50 tm. The small particle 
sizes thus suggest the condensation of a less 
abundant species. 

Both the cloud’s altitude and latitude agree 
with the predicted concentration of Titan’s 
haze, which is expected to peak at an altitude 
of roughly 35 km poleward of ~60°N latitude, 
based on a recent general circulation model 
(GCM) (6). However, the optical constants of 
Titan’s haze disagree with the cloud’s spectral 
features. Haze particles are dark at 2.9 um, 
unlike the observed cloud feature; consequently, 
two times more haze particles are needed to 
reproduce the cloud feature at 2.9 um than at 
2.1 tum, which is an unphysical result. The op- 
tical properties indicate that the cloud is not 
produced by a concentration of haze but rather 
by local condensation. 

The characteristics of Titan’s northern cloud 
are all consistent with the condensation of 
ethane. The cloud’s 2.1- and 2.9-1um albedos 
can both be explained as resulting from a col- 
umn of ~60,000 cm~? of ethane particles hav- 
ing radii of 3 um. The mass column abundance, 
~4 x 107° g cm, matches estimates at 60°N 
latitude from GCM models (6). The altitude of 
the cloud agrees with that expected for the 
winter subsidence of ethane, having a mixing 
ratio of 2.2 + 0.5 x 1075 at an altitude of 
~150 km (9, 30) and assuming the equatorial 
temperature profile (6, 3/). In addition, the par- 
ticle sizes agree with those expected for high 
ethane condensates, given the abundance of 
ethane and the number density of nucleation sites 
(6, 32). The unvarying nature of the cloud results 


from the slow vertical fall rate, which is 3 km per 
month for particles with radii of 2 um (32). 

The southern edge of Titan’s cirrus cloud 
region occurs at the latitude north of which 
GCM models predict the descent of air from the 
stratosphere to the troposphere. Ethane, which is 
undersaturated at altitudes above ~65 km, 
descends to 30 to 50 km (where its mixing ratio 
exceeds saturation by a factor of several 
hundred) and condenses to form a cirrus cloud 
surrounding the pole. This explanation implies 
that we are observing the edge of a massive 
polar ethane cloud and the preferential conden- 
sation, sedimentation, and surface accumula- 
tion of ethane within 35° of Titan’s poles (Fig. 3). 
Here, temperatures are expected to drop below 
the freezing point of pure ethane (90.3 K) dur- 
ing the winter and, depending on the haze 
opacity, possibly throughout most of Titan’s 
year (6, 33). If conditions remain cool enough 
throughout the year, Titan may accumulate 
ethane ice each winter at the poles and develop 
year-round polar caps. 

An ethane cloud probably contains haze and 
other photochemically produced ices (such as 
acetylene), which condense mainly at altitudes 
of 65 to 90 km and mix downward to form part 
of the cirrus cloud (27, 28). Additionally, meth- 
ane and dissolved N, may condense on the 
ethane particles. Yet at the tropopause, methane 
is presently probably subsaturated because of 
the subsidence of air from the dry stratosphere 
(6). We detected no evidence for methane con- 
densation resulting from meteorological meth- 
ane fluctuations and temperature variations, 
which are spatially variable effects. The cloud 
is markedly uniform, without evident regions 
of methane-coated particles with radii exceed- 
ing 5 um, which would have been detected in the 
5-um images, and without density variations 
resulting from the faster fall velocities of larger 
particles. Further investigations will better con- 
strain the cloud composition, including Cassini 
VIMS measurements to be conducted during the 
close passes of the moon later in Titan’s spring, 
when the north pole is better illuminated. 

Presently, there is no direct evidence of po- 
lar caps composed of ethane. The northern pole 
has not been imaged. Cassini images of the 
southern pole do not indicate the morphology 
of 2 km of ethane ice, assuming current rates of 
ethane production over the past 4.5 billion 
years, accumulated within 35° of the poles. Yet 
south polar images suggest flow features, pos- 
sibly associated with a smaller quantity of ethane 
ice accumulated on the young surface. The de- 
tection of surficial ethane ice is hindered by the 
correlation of ethane features and methane sig- 
natures, which obscure the visibility of Titan’s 
surface. In addition, the polar surface is prob- 
ably distinct and varied. Similarly, other hydro- 
carbons would precipitate preferentially at the 
poles and pollute the ethane ice, and any low- 
land methane lakes would dissolve and melt 
ethane, because the mixture’s eutectic temper- 


ature is 72.5 K (34). Such lakes might condense 
out of Titan’s humid lower troposphere during 
winter. The surface distribution of liquid or 
solid ethane, whether corralled into the polar 
regions by circulation or transported by surface 
flows to lower latitudes, will be determined with 
radar and near-infrared images of the geo- 
morphology, radio determinations of the polar 
temperatures, and infrared measurements of 
the polar composition, which are scheduled for 
future Cassini encounters with Titan. 
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During the Last Deglaciation 
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During the Last Glacial Maximum, the sea-level lowstand combined with the large extent of the 

Fennoscandian and British ice sheets led to the funneling of European continental runoff, resulting 
in the largest river system that ever drained the European continent. Here, we show an abrupt and 
early reactivation of the European hydrological cycle at the onset of the last deglaciation, leading 
to intense discharge of the Channel River into the Bay of Biscay. This freshwater influx, probably 
combined with inputs from proglacial or ice-dammed lakes, dramatically affected the hydrology of 
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and the magnetic susceptibility at 16 and 24 
thousand years before the present (kyr B.P.) 
(Fig. 2B) (//). Total organic carbon (TOC) 
content varies between 0.2 and 1.2%, with 
minima during both H1 and H2 events (green 
circles in Fig. 2C). The C,,., alkenone, a 
biomarker derived from haptophyte algae and 
thought to be a proxy for low-salinity water 
associated with icebergs (/2), is absent during 
the Holocene but exhibits high values between 
11 and 18 kyr B.P., with a prominent maximum 
reached during H1, corresponding to 30% C,,., 
among the total of C,, alkenones (black 
diamonds in Fig. 2C). This is a characteristic 
feature for H1 in this area and has been related 


the region, both on land and in the ocean. 


espite the recognized sensitivity of 
Dee circulation to changes in the 

freshwater budget at high latitudes 
(1-4), river runoff studies have so far mainly 
been focused on low-latitude paleorecords 
(5—7). Furthermore, except for a few continen- 
tal archives such as speleothems and wetlands 
that reflect local conditions, little is known 
about hydrological and water drainage changes 
in Europe during the last deglaciation. During 
the Last Glacial Maximum (LGM), a large 
ice sheet (known as the Fennoscandian ice 
sheet) was established on the Eurasian con- 
tinent. Both the sea-level lowstand and the 
extent of the ice sheet deeply influenced the 
drainage basins of European rivers that flowed 
into the Channel River, thus generating one of 
the largest rivers ever to have extended across 
the European continent (Fig. 1). Because this 
river transported much of the meltwaters 
coming from the European glaciers as well 
as from the Fennoscandian and British-Irish 
ice sheets (8, 9), its runoff is expected to have 
reacted strongly to the retreat and growth of the 
Eurasian ice-sheets and of the alpine glaciers. 
Therefore, a record of the activity of this paleo- 
river could provide a detailed account of the 
effect of European deglaciation on the hydro- 
logical cycle. 

Core MD952002 (47°27'N, 8°32’W, 2174-m 
water depth) was recovered on the northwest- 
em slope of the Bay of Biscay in the direct 
axis of the English Channel during the 
IMAGES 101 cruise of the research vessel 
Marion Dufresne (Fig. 1). The chronology of 
this core is based on calibrated '4C ages (0). 
This core covers a critical period including the 
last deglaciation, as well as abrupt climatic 
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to the advection of low-salinity water asso- 
ciated with icebergs (/2). 

We applied the branched and isoprenoid 
tetraether (BIT) index to reconstruct terrestrial 
organic matter fluvially transported to the ocean 
(3). This proxy uses the relative abundance 


changes such as Heinrich events 1 and 2 (H1 
and H2), which are clearly identified by two 
discrete peaks in the abundance of lithic grains 
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Fig. 1. The paleoenvironment of the LGM on the Eurasian continent was radically different from today. 
The Fennoscandian ice sheet was established on the northern part of Europe, extending west into the 
Norwegian Sea, south across the north German Plain into Poland, and eastward into North Poland and 
Russia (27, 28). A smaller dome was installed on the British Isles (27). Recent geomorphological 
evidence indicates that the British-Irish ice sheet (BIS) and Fennoscandian ice sheet coalesced, and a 
huge ice dam extended over the present-day North Sea (28, 35). The Alps were almost entirely covered 
by an ice dome formed by valley glaciers (36). The maximum extent of ice sheets at the LGM is 
illustrated by the blue contours. A final ice-age sea-level lowstand led to emersion of the channel 
between England and France, with the coastlines at 14 and 21 kyr B.P. illustrated by the dashed lines 
(after 31). A paleo-river, known as the Channel River (in orange), extended across the emerged 
continental margin (37). It drained most of the major rivers in northwestern Europe, that is, the Rhine, 
Maas, Seine, Solent, and Thames (yellow arrows on the map). In addition to these rivers, the Irish Sea 
drained a large part of the BIS meltwaters (32). Furthermore, damming by the Fennoscandian ice 
sheet favored the development of southward-flowing meltwater valleys and ice-margin spillways 
running westward. These spillways collected proglacial waters from rivers even farther east than the 
Elbe basin and allowed drainage to the Channel River (26, 28). Core MD952002 (red dot) was taken 
at a water depth of 2174 m in the axis of the English Channel, close to the LGM position of the 
Channel River outlet. 
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of membrane lipids (1.e., nonisoprenoid glyc- 
erol dialkyl glycerol tetraethers) (/4) de- 
rived from anaerobic bacteria thriving in 


soils and peats (J5), compared with cren- 
archaeol, a structurally related isoprenoid 
molecule characteristic of ubiquitous marine 
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Fig. 2. Deglaciation-Holocene records of the past activity of the Channel River as a function of 
paleoclimatic changes. The chronology is based on calibrated 14C ages measured on planktonic 
foraminifera [shown as triangles in (B)] (10). Climatic events are abbreviated as follows: B-A, 
Bglling-Allergd; H1, Heinrich 1; and H2, Heinrich 2. The gray areas underline the H1 and H2 
events. (A) 548O GRIP (black line) (38) and 8180 GISP2 (light blue line) (39) records reflecting 
Greenland air temperatures. (B) Black line shows the counting of grains identified as ice-rafted 
debris (IRD) per 10 g for the size fraction coarser than 150 jum, and the gray curve shows the 
magnetic susceptibility (MS) record measured on board Marion Dufresne (40). (C) Green circles 
represent the total organic carbon contents, and the black diamonds the percentage of C,,., 
among C,_ alkenones, i.e., Y%C,,., = 100 x [C,,.,J/IC,,.. + C57.3 + Cs7.4]. Beyond 19 kyr B.P., 
the relative percentage of C,,., could not be quantified because alkenones are very scarce in 
the sediments corresponding to the last glacial period (black ticks in Fig. 2C and italics in table 
$1). (D) Orange squares indicate the total organic carbon-to-nitrogen ratios (C/N), and the blue 
symbols show the abundance of freshwater algae, Pediastrum sp. [counts from (11)]. (E) The 
BIT index, which is defined as follows: BIT = (I + I] + IND/{(I + H+ I) + (IV)] [the roman 
numbers refer to the glycerol dialkyl glycerol tetraethers in figure 1 of (13)], and is rep- 
resented here by red dots. The black curve shows the sea-level curve (41). Analytical data for 
core MD952002 are given in table S1. 


planktonic and lacustrine crenarchaeota (/6). 
BIT values for suspended particulate matter 
in river waters are typically >0.9 (17). A sur- 
vey of Holocene sediments showed that the 
BIT index can be directly correlated to the 
relative amount of fluvial terrestrial organic 
matter input. BIT-index values of <0.1 are 
typical for open marine settings receiving 
only small amounts of terrestrial organic 
matter, whereas values >0.4 are typical for 
river fans and fjord systems (/3). The BIT- 
index values throughout the core MD952002 
remain below 0.1, except for two well-defined 
peaks with values as high as 0.7 centered at 
19.5 kyr B.P. and between 19 and 17 kyr B.P. 
(red circles in Fig. 2E). The two maxima in 
the BIT-index profile, therefore, reveal pe- 
riods during which large amounts of terrestrial 
organic matter must have been transported 
to this site in the Bay of Biscay. These 
maxima are consistent with those obtained 
from the abundance of remains of freshwater 
algae (Pediastrum sp.) (blue curve on Fig. 
2D) (//). The total organic carbon-to-nitrogen 
ratio (C/N) varies between 5 and 30, with 
minimum values typical of the marine environ- 
ment end-member during H1 and H2 events, 
and higher values in the intervening period, also 
indicative of a larger terrestrial contribution 
(Fig. 2C). 

During H2 and the LGM, cold and dry 
conditions prevailed on the European conti- 
nent (/8). At that time, ice sheets reached 
their maximum extent (Fig. 1), and sedimen- 
tation at the Channel River outlet was typical 
of a marine environment with low values of 
the BIT index and TOC as well as low C/N 
ratios (Fig. 2, C to E). At the end of the LGM, 
between 21 and 17 kyr B.P., an early warming 
is observed in the Greenland air-temperature 
record (Fig. 2A). This temperature increase is 
also clearly detected in several North Atlantic 
records (e.g., 12, 19-21) as well as in con- 
tinental reconstructions inferred from pollen 
in lacustrine and peat sequences over Europe 
(e.g., 22, 23). This warming was accompanied 
by enhanced precipitation, as is also evident 
from the pollen assemblages. Despite this 
climatic warming, soils remained partly fro- 
zen and hence impermeable (24). Further- 
more, the vegetation cover was scarce and 
spatially discontinuous, mainly composed of 
peat with only few woody species (25). This 
situation led to the development of large fluvial 
systems, intense soil erosion, and enhanced 
river discharge. This transient period is coin- 
cident with an abrupt maximum in the BIT 
index in core MD952002 (Fig. 2), indicative 
of an early and drastic reactivation of Euro- 
pean rivers. 

Associated with this reactivation of the 
hydrological cycle, meltwaters might well 
have played a role in the runoff increase. In 
fact, when the Fennoscandian ice sheet 
started to retreat from its maximum position 
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at ~22 kyr B.P., a new series of short-lived 
glacial lakes formed at its southern margin, 
more particularly in the Polish basins and 
German lowlands (26, 27). Because of the 
position of the ice margin, the meltwaters 
first drained through the southern Peribaltic 
area toward central Poland, to the Elbe River, 
and then to the Channel River (28). The re- 
treat was not continuous, and readvances of 
the Fennoscandian ice sheet have been rec- 
ognized based on geomorphological and 
lithostratigraphic evidences as well as by 
cosmonuclide and thermoluminescence dat- 
ing (26, 27). Two major deglaciation phases 
have been reported in Poland during the low 
sea-level stand: the Poznan and the Pomera- 
nian phases at 22.0 and 18.6 kyr B-P., 
respectively (26). Similar pulsations have 
been described for the British-Irish ice sheet 
over the same period (27). On the southeast- 
ern sector, the Scandinavian ice sheet begins 
to retreat around 19 kyr B.P. after a phase of 
maximum extent at 20.9 kyr B.P. (29). A 
massive and early breakdown of the LGM 
system of ice domes in the Alps is reported to 
occur simultaneously (e.g., 30). 

A peculiar geographic setting reinforced 
the effect of this increased water runoff from 
the European continent, leading to increased 
discharge of the River Channel into the Bay 
of Biscay. In fact, the low sea level during 
the LGM (Fig. 2E) means that the river 
mouth was located very close to the core 
location [the dashed line in Fig. 1 represents 
the paleocoastline at 21 kyr B.P., recon- 
structed after (31)]. Moreover, due to the 
topography of the catchment basin, the 
Channel River drained a large area with 
inputs from the Rhine, Seine, Maas, and 
Thames basins (9). This topographic fun- 
neling effect was reinforced by the location 
of the British-Irish ice sheet, which reached 
its maximum extent at 16.7 kyr B.P. (32). A 
simultaneous readvance of the Scandinavian 
ice sheet is recorded on the southeastern 
sector (29). 

The onset of the H1 event, at 17 kyr B.P., 
is characterized by the sudden drop in the 
BIT index (Fig. 2E). As already observed for 
Heinrich events (/9), the biological produc- 
tivity is low, but the BIT index indicates a 
predominant marine origin for the sedimen- 
tary organic matter (Fig. 2). Consistently, the 
C/N record exhibits a clear minimum over this 
time interval. Furthermore, a prominent C,.. ,- 
alkenone peak is synchronous with the max- 
imum abundance in lithic grains. A similar 
maximum of C,,., linked to H1 has already 
been described at other sites (33, 12). The fall 
in BIT index is clearly simultaneous with the 
rise in lithic grain abundance and percent- 
age of C,,., alkenone, indicating that this 
switch was probably due to the impact on 
marine hydrology of icebergs coming from 
the Fennoscandian and Laurentide ice sheets 
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(34). In parallel, the return to dry and cold 
conditions on the continent during H1 proba- 
bly led to a regime with less fluvial runoff. 

There was no recurrence of high BIT-index 
values when warmer and wetter conditions re- 
turned during the Bolling-Allerod and the 
Holocene period (Fig. 2E). This is probably 
due to the sea-level rise of about 60 m com- 
pared with the LGM lowstand, which caused a 
northward displacement of the river mouth by 
about 300 km and thus a more attenuated in- 
fluence of the Channel River at the core site 
(Fig. 1). Furthermore, due to the position of the 
Fennoscandian ice margins during the Bolling- 
Allerod, the meltwaters of the Peribaltic area 
drained into the southern part of the Baltic Ba- 
sin and no longer through Poland and the Elbe 
Basin (28). 

The abrupt runoff event that occurred at the 
onset of the last deglaciation on the European 
continent is unique in magnitude and timing 
and reflects an early reactivation of the Euro- 
pean hydrological cycle leading to an intense 
discharge of terrestrial organic matter on the 
Celtic Margin and Bay of Biscay. The intensity 
of this event is due to a peculiar combination of 
topographic and paleoclimatic factors: The 
large extent of the Fennoscandian and British 
ice sheets, which coalesced over the North Sea, 
forced the drainage of rivers into the Channel 
River, thus creating one of the largest river 
systems ever existing on the European conti- 
nent. The reactivation of European river runoff 
has also probably been fuelled by proglacial 
lakes developing at the southern margin of the 
ice sheets. Indeed, high abundances of remains 
of freshwater algae are found simultaneous with 
the large increase in BIT index (Fig. 2). Inter- 
estingly, although the freshening of the surface 
waters starting at 21.5 kyr B.P. is progressive 
and parallel to the temperature increase after 
the LGM, the return to fully marine conditions 
is sharp and occurs in about a century at the 
start of the H1 event. As a result of sea-level 
rise, after 17 kyr B.P., conditions never became 
suitable again for recording events of the Chan- 
nel River of such a magnitude in the Bay of 
Biscay. 

Our results reveal large changes in the mag- 
nitude of the discharge of cold freshwater into 
the North Atlantic during the last deglaciation. 
This situation is similar to that reconstructed for 
the Laurentide ice sheet, meltwater outflow 
which probably affected the meridional over- 
turning circulation (J, 3). Modeling experiments 
could help to evaluate the effect of the European 
river reactivation on the millennium-scale climat- 
ic events that punctuated the last deglaciation. 
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High Gamma Power Is Phase-Locked 
to Theta Oscillations in 


Human Neocortex 


R. T. Canolty,’* E. Edwards,”? S. S. Dalal,? M. Soltani,”’? S. S. Nagarajan,“ H. E. Kirsch,> 
M. S. Berger,® N. M. Barbaro,*® R. T. Knight?23> 


We observed robust coupling between the high- and low-frequency bands of ongoing electrical 
activity in the human brain. In particular, the phase of the low-frequency theta (4 to 8 hertz) 
rhythm modulates power in the high gamma (80 to 150 hertz) band of the electrocorticogram, with 
stronger modulation occurring at higher theta amplitudes. Furthermore, different behavioral tasks 
evoke distinct patterns of theta/high gamma coupling across the cortex. The results indicate that 
transient coupling between low- and high-frequency brain rhythms coordinates activity in 
distributed cortical areas, providing a mechanism for effective communication during cognitive 


processing in humans. 


euronal oscillations facilitate synaptic 
| \ | plasticity (/), influence reaction time 
(2), correlate with attention (3) and per- 
ceptual binding (4), and are proposed to play a 
role in transient, long-range coordination of 
distinct brain regions (5). Direct cortical record- 
ings reveal that ongoing rhythms encompass a 
wide range of spatial and temporal scales— 
ultraslow rhythms less than 0.05 Hz coexist 
with fast transient oscillations 500 Hz or greater 
(J), with spatial coherence between these os- 
cillations extending from several centimeters 
for the corticospinal tract (6) to the micrometer 
scale for subthreshold membrane oscillations in 
a single neuron (7). Exactly how these transient 
oscillations influence each other and coordinate 
processing at both the single-neuron and 
population levels remains unknown. 

Evidence for cross-frequency coupling, where 
one frequency band modulates the activity of a 
different frequency band, is more abundant in 
animal than human data. For example, the theta 
rhythm can modulate the firing rate and spike 
timing of a single neuron (8—//) as well as the 
gamma power of the intracortical local field 
potential (8, 12, 13). Task-related changes in 
theta power have been observed in humans 
(14-16), and cross-frequency coupling at fre- 
quencies up to 40 Hz has been detected at the 
scalp (17, 18). However, given the difficulty in 
localizing electrical sources from scalp record- 
ings alone (/9), subdural electrodes that record 
directly from the human cortex are needed to 
address this question. Furthermore, subdural 
electrodes are ideal for studying activity in 
the recently described human high gamma 
band (HG) at 80 to 150 Hz. HG activity is 
modulated by sensory, motor, and cognitive 
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events (20), is functionally distinct from low 
gamma (30 to 80 Hz) with different physiolog- 
ical origins (2/), and is correlated with the func- 
tional magnetic resonance imaging blood 
oxygen level—dependent (f{MRI BOLD) signal 
(22-24). There have been no reports of coupling 
between any low-frequency rhythm and HG in 
signals recorded either at the scalp or directly 
from human sensory, motor, or association cor- 
tex. We therefore focus exclusively on theta/HG 
coupling in this report. 

We analyzed multichannel subdural electro- 
corticogram (ECoG) data from five patients 


Fig. 1. High gamma 
(80 to 150 Hz) power is 
modulated by theta (4 to 
8 Hz) phase. (A) Struc- 
tural MRI showing posi- 
tion of 64-channel ECoG 
grid over frontal and 
temporal lobes in subject 
1. (B) Example of phase- 
locked modulation of 
power in the ECoG sig- 


undergoing neurosurgical treatment for epilepsy. 
Typically, the events of interest in behavioral 
paradigms are the stimulus onsets and motor 
responses that evoke frequency-specific changes 
in the electrical activity of the brain. In contrast, 
the events of interest in cross-frequency coupling 
are features of the ongoing oscillatory activity 
itself. That is, cross-frequency coupling refers to 
statistical dependence between distinct frequency 
bands of the ongoing ECoG rather than depen- 
dence between the ECoG and external stimulus 
events. The dependence between two frequen- 
cies f, and f, can assume many forms, including 
coupling between the amplitude envelopes 4 ,(¢) 
and A,(), the phase time series ,() and ,(d), or 
an amplitude-phase coupling between 4,(f) and 
(4). We focus here on the last type of coupling 
and use an index of cross-frequency coupling that 
directly combines the amplitude envelope time 
series A,(t + 1) of a high-frequency band with 
the phase time series $,(t) of a low-frequency 
band into one composite, complex-valued signal 
2(t, t). The (normalized) temporal mean of this 
composite signal provides a sensitive measure of 
the coupling strength and preferred phase be- 
tween the two frequencies (25). 

Animal evidence for theta phase modulation 
of single-unit firing and the strong connec- 
tion of theta to learning, attention, and memory 
(26, 27) suggested to us that high-frequency 
oscillations in human neocortex may be modu- 
lated by the theta rhythm. Accordingly, we 
analyzed the ECoG across a range of behavior- 
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parison across frequencies; red and blue indicate a power increase or decrease, respectively, relative to the 
mean power. (Bottom) Theta trough—locked average of raw ECoG signal. (C) Best-fit gamma distributions for 
the high gamma analytic amplitude values that occurred at the peak (black, 0 radians) or the trough 
(red, 1 radians) of the theta waveform for the same electrode as in Fig. 1B. The difference in parameter 
values is significant (P < 0.001). (D) The modulation index (25) as a function of analytic amplitude 
(5 to 200 Hz) and analytic phase (2 to 20 Hz) for the same electrode as in Fig. 1B. Outermost 
contour indicates statistical significance (P < 0.001, corrected). Larger values indicate stronger cross- 
frequency coupling. Maximal coupling for this electrode is 146.2 Hz amplitude and 5.6 Hz phase (see 


also fig. $4). 
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Fig. 2. Theta/HG coupling strength is 40) 
a function of theta amplitude. (A) 
Theta/HG coupling strength and pre- 
ferred theta phase. (Bottom) One theta 
cycle (schematic), from theta peak (0 
radians) to trough (x radians) to peak 
(2x radians). (Top) Modulation index 
(25) computed separately for all 
electrodes in all subjects for each task. 
Larger magnitudes indicate stronger 


wo 
i) 


20) 


modulation index 


ar 
S 


horizontal axis indicates the theta 
phase at which larger HG amplitudes 0 
tend to occur. Most electrodes with 
strong theta/HG coupling have a pre- 


ferred theta phase of z, corresponding to the theta trough (see also Fig. 1C). 
The red dot indicates the electrode and recording block examined in Fig. 1. The 
red horizontal line corresponds to the significance threshold after correction for 
multiple comparisons. (B) Modulation index versus mean theta amplitude for all 


al tasks (25). Figure 1B shows a time-frequency 
plot for data recorded from an electrode over 
the left middle frontal gyrus during an auditory 
language-related target detection task (Fig. 1A, 
arrow). Theta trough—locked averaging of the 
normalized time-frequency plane shows signif- 
icant coupling (P < 0.001, corrected) between 
theta phase and high-frequency power, with an 
increase or decrease in power relative to base- 
line occurring at the theta trough or peak. Theta 
coupling was broadband from ~20 to 200 Hz, 
with the strongest modulation occurring in the 
HG band. Fig. 1D and fig. S4, using the mod- 
ulation index discussed above, also show that 
coupling is strongest between theta phase and 
HG amplitude. 

Across all tasks and subjects, 252 out of 299 
tested electrodes (84.3%) showed significant 
theta/gamma coupling (P < 0.001 for each elec- 
trode, corrected). Excluding the 60 electrodes 
over resected tissue (which includes both epi- 
leptic and healthy tissue) increases this percent- 
age to 88.7%, whereas only 66.7% of electrodes 
over resected tissue showed significant coupling. 
The largest HG amplitudes tended to occur at the 
trough of the theta waveform in electrodes with 
strong coupling (Figs. 1C and 2A). The coupling 
strength between the HG analytic amplitude 
time series 4,,,(¢ + 1) and theta analytic phase 
(4) should decrease to chance levels as the 
magnitude of the time lag t increases. Figure 
3A, displaying all ECoG electrodes for one 
subject, shows that this is indeed the case (see 
fig. S8 for all subjects). 

The strength of theta/HG coupling depends 
on theta power as well as theta phase. We ob- 
served stronger coupling in electrodes with greater 
mean theta amplitude (Fig. 2B). That is, HG 
amplitudes have a stronger theta phase pref- 
erence at greater theta power, indicating that 
theta/HG coupling strength can be modulated by 
adjusting theta power in a local cortical region. 
This contrasts with the weak negative correla- 
tion observed between theta/HG coupling strength 
and mean HG amplitude (Fig. 2C and fig. S6). 
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significant values from Fig. 2A (black dots) and best linear fit (red line), 
indicating their positive correlation. (C) Modulation index versus mean HG 
amplitude for all significant values from Fig. 2A (black dots) and best linear fit 
(red line), indicating their weak negative correlation (see also fig. $6). 


Fig. 3. Task-specific 
changes in the spatial pat- 
tern of theta/HG coupling 
strength. (A) Theta/HG cou- 
pling strength falls to 
chance at large time lags. 
Modulation index (25) as a 
function of lag for all 
electrodes over all tasks 
from subject 5. Electrodes 
are sorted by the time-lag 
Tmax associated with maxi- 
mal coupling (black line). 
For ease of comparison, 
horizontal traces were re- 
normalized so that the 
peak value for each chan- 
nel is one (see also fig. $8). 
(B) The change in modula- 
tion index values from the 
mean for all electrodes in 
subject 2 during one task 
(passive listening to pre- 
dictable tones). (C) As in 
(B), for a difficult working 
memory task. Subjects 
listened to a list of pho- 
nemes and responded 
when the current pho- 
neme and the phoneme 


750 


All subjects 
and electrodes 
for all tasks 


different 
tasks 


presented two items earlier were identical. (D) Similar tasks evoke similar spatial patterns of theta/HG 
coupling. Correlation matrix for all tasks in subject 2. Tasks: 1 to 4, passive listening to tones or 
phonemes; 5, mouth motor activation; 6, verb generation; 7, hand motor activation; 8 to 11 auditory 
working memory; 12 and 13, linguistic target detection; 14 to 17, auditory-vibrotactile target detection 
(see SOM text). (E) Mean correlation and standard error between similar tasks (positive, P < 0.01, 
corrected, 58 task pairs) as well as different tasks (not significant, 617 task pairs) for all electrodes in all 


subjects over all tasks. 


Thus, mean HG power and the strength of 
theta/HG coupling appear to reflect indepen- 
dent dimensions of cortical activity. 
Task-dependent modulation of theta power 
has been shown in humans (26), prompting the 
hypothesis that theta/HG coupling may be task- 
dependent. Two examples of task-specific changes 
in the spatial pattern of theta/HG coupling 


strength over all electrodes in one subject are 
shown in Fig. 3, B and C. Figure 3D shows that 
behavioral tasks evoke distinct and reproducible 
patterns of coupling in this subject, with similar 
tasks evoking similar coupling patterns whereas 
different tasks evoked alternate patterns. Spatial 
patterns associated with two runs of similar 
tasks were positively correlated, whereas runs 


15 SEPTEMBER 2006 


1627 


REPORTS 


1628 


of different tasks exhibited a null or negative 
correlation. This trend held across all tasks and 
subjects, as shown by Fig. 3E. These results are 
consistent with the hypothesis that transient 
cross-frequency coupling modulates network 
engagement, enabling flexible control of cogni- 
tive processing. 

Oscillations are rhythmic fluctuations in 
neuronal excitability that modulate both output 
spike timing and sensitivity to synaptic input (5). 
Therefore, effective communication between 
neuronal populations requires precise match- 
ing of the relative phase of distinct rhythms to 
axonal conduction delays. An oscillatory hi- 
erarchy operating across multiple spatial and 
temporal scales could regulate this proposed 
long-range communication (/3). Basal forebrain 
cortical-projecting GABAergic (y-aminobutyric 
acid-releasing) neurons are well positioned to 
control theta/HG coupling; these neurons pref- 
erentially synapse onto intracortical GABAergic 
neurons throughout the cortex, with disinhib- 
itory spike bursts causing a brief increase in 
gamma power at the theta trough (28). Our 
observations that (1) HG power is modulated by 
theta phase, (ii) an increase in theta power 
strengthens theta/HG coupling, and (ili) the 
topography of theta/HG coupling is task- 
dependent support the hypothesis that cross- 


frequency coupling between distinct brain 
rhythms facilitates the transient coordination 
of cortical areas required for adaptive behavior 
in humans. 
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Caveolin-1 Is Essential for 


Liver Regeneration 
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Liver regeneration is an orchestrated cellular response that coordinates cell activation, lipid 
metabolism, and cell division. We found that caveolin-1 gene—disrupted mice (cav1~/~ mice) 
exhibited impaired liver regeneration and low survival after a partial hepatectomy. Hepatocytes 
showed dramatically reduced lipid droplet accumulation and did not advance through the cell 
division cycle. Treatment of cav1~/— mice with glucose (which is a predominant energy substrate 
when compared to lipids) drastically increased survival and reestablished progression of the cell 
cycle. Thus, caveolin-1 plays a crucial role in the mechanisms that coordinate lipid metabolism with 
the proliferative response occurring in the liver after cellular injury. 


he liver is pivotally positioned in the 

| regulation of the body’s metabolic ho- 
meostasis of lipids, carbohydrates, and 
vitamins. In addition, it produces essential 
serum proteins, lipoproteins, enzymes, and co- 
factors. Paradoxically, the liver is also the main 
detoxifying organ in the body, being continu- 
ously exposed to the threat of cellular injury. 
Consequently, the liver has evolved complex 
regenerative mechanisms to respond to chemi- 
cal, traumatic, or infectious injuries (/—3). 
During regeneration, the liver continues to ac- 
complish its critical functions, such as glucose 
homeostasis, protein synthesis, and bile secre- 
tion. Liver regeneration does not require stem 
cells but instead occurs when differentiated and 


largely quiescent hepatic cells reenter the cell 
cycle to replace the lost functional mass. 

One of the most extensively characterized 
model systems to study liver regeneration is the 
partial hepatectomy in rodents. In this model, the 
left and medial lobes of the liver are excised, 
resulting in removal of 70% of the hepatic mass. 
Within minutes, hepatocytes then undergo a 
coordinated cellular activation termed the acute 
phase response. This highly regulated process is 
simultaneously mediated by different growth 
factors and cytokines that conduct the response 
signal into kinases and transcription factors. As a 
result of the acute response, the hepatocyte 
initiates the transcription of more than 100 early 
genes, accumulates triacylglycerol and choles- 


terol esters in intracellular lipid droplets (4), and 
progresses through the cell cycle. Lipid droplet 
formation is an essential part of the prolifer- 
ative response during liver regeneration (5). 
Lipids stored in lipid droplets are delivered into 
the bile or used in the production of new lipo- 
proteins and bile acids, for the synthesis of new 
membranes, or to supply the energy required 
for remnant hepatocytes to rebuild the liver. By 
compensatory hyperplasia, the regenerative 
process reestablishes the original liver mass in 
approximately 1 week, after which hepatocytes 
return to a quiescent state. 

Caveolae are distinct domains of the plasma 
membrane of most cells, where cellular processes 
such as signaling and membrane sorting occur 
in a highly regulated lipid and protein environ- 
ment (6). Caveolin, an essential component of 
caveolae, is a protein that has the distinct capa- 
bility to create these highly ordered domains at the 
cell surface. In addition, caveolin and caveolae are 
key elements in the regulation of the intracellular 
homeostasis of lipids, cell activation, and cell 
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Fig. 1. Low survival and impaired liver regeneration of cav1’ A Mice survival index B Mice survival index (by period) 
mice after partial hepatectomy. (A) Accumulated survival index 72 (0-72 hours) 
hours after partial hepatectomy of WT mice (white bars) and cav1~/— 

mice (black bars). (B) Survival index by period (0 to 24, 24 to 48, and 89.1% 
48 to 72 hours) of WT mice (white bars) and cav1~/~ mice (black bars) 
for animals that, after partial hepatectomy (PH), reached and survived 
after each period. (C) Immunoblotting of caveolin-1 in liver 
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mice (black bars). (D and E) Cholesterol and fatty acid 
levels in liver homogenates of WT mice (white circles) or 
cav1~'~ mice (black circles) after partial hepatectomy. (F 
and G) Triacylglycerol levels in serum (F) and liver 
homogenates (G) of WT mice (white bars) and cav1~/— 
mice (black bars) after partial hepatectomy. (H and 1) 
Expression of ADRP in liver homogenates (40 11g) (H) and 
lipid droplets purified from livers (30 ul) (G) of WT and 
cav1~'~ mice. Immunoblots are representative of five (H) 
and two (I) independent experiments. The statistical 
significance of differences between WT and cav1~’~ mice 
(asterisks) was determined with Student's t test, *P < 0.05, 
**P < 0.01. Each point represents the average value and 
standard deviation of at least four (B) or six [(C) to (G)] 
independent measurements. 
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proliferation. Recent work has linked caveolins to 
lipid droplet function (7). In addition, we have 
previously described the expression of caveolin 
and caveolae in hepatocytes and showed that 
caveolin associates with the lipid droplets formed 
after partial hepatectomy (8). 

Liver regeneration results from the coordina- 
tion of cell activation, lipid metabolism, and cell 
division. Although caveolin-1 has been connected 
with the regulation of each one of these processes, 
its precise role remains uncertain. Thus, the 
regeneration response triggered in the liver after 
partial hepatectomy offers an excellent integrated 
model system with which to evaluate in vivo the 
role of caveolin-1 in these processes occurring 
synchronously in a cell population. We studied 
the regeneration process triggered by partial 
hepatectomy in the liver of caveolin-1 gene— 
disrupted mice (cav1~/~ mice) (9, 10). 

We analyzed 66 wild-type (WT) mice and 61 
cavl~/~ mice during the first 72 hours after 
partial hepatectomy. At the end of this period, 
WT mice showed an accumulated survival index 
of 89.1% (Fig. 1A). In contrast, cav/~/~ mice 
showed a survival index of only 22.4%. Al- 
though the mortality of both groups was rather 
similar during the first 48 hours (100%/89% 
between 0 and 24 hours and 89%/91% between 
24 and 48 hours for WT and cav/~’~ mice, 
respectively), cav]~/~ mice showed a marked 
mortality beyond this time point (72%) (Fig. 
1B). In contrast, all of the WT mice that survived 
at 48 hours progressed to 72 hours. As expected, 
caveolin-1 was highly expressed in livers of WT 
mice but was not detected in cav/~/~ mice at any 
point in the regeneration process (Fig. 1C). The 
liver-to—body mass ratio (equivalent to a regen- 
eration index after partial hepatectomy), which 
was 5.9% in both untreated WT and cav/~/— 
mice, increased progressively in WT mice to 
reach 3.1% after 72 hours, which represents 
52.5% of the original weight (Fig. 1D). Consid- 
ering that only 22% of cav/~/~ mice survived at 
this time point (Fig. 1A), the regeneration index 
of cavl~/— animals was 2.2% after 72 hours, 
which is only 38.0% of the original weight. 
cav1~’/~ mice that died during the period from 
36 to 72 hours (78% of cav/~/~ mice operated 
on) showed an extremely low regeneration index 
of approximately 1.7%. 

After partial hepatectomy, the levels of fatty 
acids in the plasma increase severalfold, leading 
to intracellular accumulation of lipids and the 
formation of numerous cytosolic lipid droplets 
(4). We used quantitative electron microscopy 
(EM) to examine the ultrastructure of the liver 
after partial hepatectomy. No significant differ- 
ences between WT and cav/~/~ mice were 
observed in the serum (table S1) or liver before 
surgery; a small number of lipid droplets was 
observed in each case. Forty-eight hours after 
partial hepatectomy, the hepatocytes of WT 
mice accumulated enlarged lipid droplets in the 
cytosol (Fig. 2A). In contrast, lipid droplet 
accumulation was greatly reduced in the livers 


of cav1~‘~ mice. After 48 hours, the mean 
volume of lipid droplets was 32.6% (+9.8%) of 
cellular volume in WT mice as compared to 
7.7% (42.9%) in cavI~/~ mice (Fig. 2B). When 
a purified fraction of lipid droplets was isolated 
from regenerating livers after 48 hours, a sig- 
nificant reduction in the total amount of pu- 
rified protein from cav/~/~ livers was observed 
(Fig. 2C). At this time, the levels of cholesterol 
and fatty acids in serum or in liver homogenates 
were not significantly different between WT or 
cav1~/~ mice (Fig. 2, D and E), suggesting that a 
reduced level of serum lipids or reduced cellular 
uptake of lipids did not account for the lack of 
lipid droplets observed in the liver of cav/~/~ 
mice. However, whereas the levels of triacylglyc- 
erol in serum were similar between WT and 
cav1~‘~ animals, the level of triacylglycerol in 
liver homogenates was clearly lower in cav/~/~ 
animals after 48 hours (Fig. 2, F and G). At 24 
hours after partial hepatectomy, both WT and 
cav1~’— livers showed a similar increment of 


their triacylglycerol content, but at later times, 
significant differences between the WT and 
cav1~/~ mice were observed. Thus, although 
cavl~/~ mice were able to synthesize triacyl- 
glycerol to some extent, they could not store 
these lipids efficiently in lipid droplets. In ag- 
reement with an intracellular lipid imbalance, the 
expression of adipophilin (ADRP, the major 
component of hepatic lipid droplets and highly 
expressed in response to fatty acids during liver 
regeneration) was slightly but consistently higher 
in cav1~/~ mice when compared to WT mice 
(Fig. 2H), although it was not detected in the 
fraction corresponding to purified lipid droplets 
(Fig. 21). Thus, caveolin is required for efficient 
lipid droplet formation in regenerating hepato- 
cytes, and the absence of lipid droplets at 48 
hours after partial hepatectomy coincides 
with the increased mortality of cav/~/~ mice 
beyond this point. 

To examine the effect of caveolin-1 defi- 
ciency at the cellular level, hepatocytes from 
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Fig. 3. Isolated cav1~’~ hepatocytes show impaired lipid droplet accumulation. Hepatocytes were 
isolated from livers of WT mice (A) or cav1~/~ mice (B) and allowed to attach on glass coverslips for 6 
hours in a glucose-free medium supplemented with fatty acids. Cells were fixed and lipid droplet 
accumulation was analyzed by means of Nile Red fluorescence (C), and the percentage of the cytosol 
occupied by lipid droplets (D) was quantified in WT hepatocytes (white bars) and cav1~/~ hepatocytes 
(black bars). Values are the result of three independent experiments. The statistical significance of 
differences between WT and cav1~’— mice (asterisks) was determined with Student's t test, *P < 0.05, 
**P < 0.01. 
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Fig. 4. Hyperactivation and cell cycle inhibition of cav1~’~ hepatocytes after partial hepatectomy. 
The expression of markers corresponding to the acute phase response (A) or to the cell cycle 
machinery (B) in liver homogenates (40 1g) or for PCNA analyzed in isolated nuclei (20 1g) of WT 
and cav1~/~ mice after partial hepatectomy is shown. Immunoblots are representative of at least 
three independent experiments. GAPDH, glyceraldehyde phosphate dehydrogenase. 
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WT and cav/~‘~ mice were isolated and 
treated with a combination of fatty acids for 6 
hours. Hepatocytes growing on glass coverslips 
were stained with Nile Red (a neutral lipid 
probe) for detection of lipid droplets. As 
expected, fatty acids efficiently promoted the 
accumulation of enlarged lipid droplets in the 
cytosol of WT hepatocytes (Fig. 3A). In com- 
parison, the intensity of Nile Red staining was 
significantly reduced in cav/~/~ hepatocytes 
(Fig. 3, B and C). In addition, the mean volume 
of lipid droplets was 67.6% (+14.3%) of the 
cell cytosol in WT hepatocytes as compared to 
20.5% (44.9%) in cavl~’~ cells (Fig. 3D). 
Hepatocytes isolated from WT and cav/~/— 
livers showed a similar uptake of fatty acids 
(fig. S1). When the expression of caveolin-1 was 
down-regulated by means of small interfering 
RNA in mouse embryonic fibroblasts obtained 
from WT mice, the accumulation of lipid droplets 
in cells expressing low levels of caveolin-1 was 
significantly reduced (fig. S2). In contrast, down- 


A. Mice survival index 


(0-72h) 
3.3% 80.07 
wt 
Triacylglycerol in serum 
_ 125 1002 ns 
5 a | 
— 506 A” 
4 rane I a z ano 
‘ oe 
43.9 
Oh 48h 72h 
E 
-glu +glu 
oat wt i 
|e @ -cay-1 
Aili ae - ADRP 


lee eee PCNA 


oewe® | c4P0: 


regulation of caveolin-2 in these cells did not 
affect the accumulation of lipid droplets (fig. $2). 
Thus, the inability of cav/~/— hepatocytes to ac- 
cumulate lipid droplets during liver regeneration 
is caused by the lack of hepatic caveolin-1 rather 
than promoted by the absence of caveolin-1 in 
other tissues. 

Hepatocytes without caveolin-1 do not 
efficiently accumulate triacylglycerol in lipid 
droplets and fail to regenerate. Caveolin is 
linked to numerous signaling processes, but the 
exact regulatory mechanisms are still unclear. 
We examined whether an impaired activation 
of the cells during the acute response may 
account for the lack of regeneration observed in 
cav!~'~ mice. Hepatocyte activation after par- 
tial hepatectomy is promoted by two coordinated 
main signaling pathways: a cytokine-mediated 
pathway and a growth factor—-mediated pathway. 
Binding of interleukin-6 (IL-6) to its receptor 
(IL-6 receptor) stimulates the Janus activated 
kinase (JAK-1), which in turn phosphorylates 
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Fig. 5. The feeding of glucose reestablishes hepatocyte survival and cell cycle progression in cav1~/~ mice. 
(A) Survival index after partial hepatectomy of glucose-treated cav1~/— mice (black bars) and WT mice 
(white bars). (B) Liver—to—body mass ratio corresponding to glucose-fed cav1~/~ mice (black squares) and 
glucose-fed WT mice (white squares) after partial hepatectomy. (C and D) Triacylglycerol levels in serum 
(©) and liver homogenates (D) of glucose-fed WT mice (white squares) and glucose-fed cav1~/~ mice 
(black squares) after partial hepatectomy. (E) The expression of caveolin-1 and ADRP in liver homogenates 
(40 jg) and of PCNA in isolated nuclei (20 1g). (F) Hepatocytes were isolated from livers of WT mice 
(white bars) and cav1 ~/~ mice (black bars) and cultured for 48 hours in a medium supplemented with 
fatty acids or glucose. The number of living cells was determined by staining cell nuclei with crystal violet 
and is expressed with respect to the initial number of living hepatocytes. The statistical significance 
(asterisk) was determined with Student's f test, *P < 0.05. Each point and immunoblot represents the 
average value of at least four independent experiments. O.D., optical density. 
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the signal transducer and activator of transcrip- 
tion 3 (STAT-3). Phosphorylated STAT-3 
translocates to the nucleus to activate the tran- 
scription of target genes (such as c-myc). We 
examined the levels of phosphorylated STAT-3 
and the expression of c-myc in liver homog- 
enates. Twelve hours after partial hepatectomy, 
phosphorylation of STAT-3 was detected in 
both WT and cav1~'~ mice (Fig. 4A). At later 
times, the levels of phospho-STAT-3 then 
decreased, as expected in WT mice livers, but 
STAT-3 remained phosphorylated in cav]~/— 
livers. Consistent with this finding, levels of c- 
myc were considerably higher in livers from 
cavI~/~ mice. We also studied the growth 
factor—-mediated signaling pathway. The hepatic 
growth factor (HGF) is considered to be an 
essential activator of the regeneration response 
of the liver. We evaluated HGF activity by 
visualizing the phosphorylation of its substrate, 
Jun N-terminal kinase (JNK). Phospho-JNK 
was detected in both WT and cav/~/~ mice, 
but the levels of phosphorylated kinase were 
markedly higher in cav/~/~ mice (Fig. 4A). 
Thus, although the acute phase response occurs 
as in WT mice, the signaling is more elevated 
and prolonged in cav/~/~ livers. 

We next evaluated the progression of hepa- 
tocytes through the cell cycle by studying 
specific proteins of the cell cycle machinery 
known to be regulated during liver regeneration 
(JJ). Expression of cyclin D, which is tran- 
scriptionally activated during the G, phase of 
the cell cycle, was observed in both WT and 
cav1~'~ livers after 12 hours of partial hepa- 
tectomy (Fig. 4B). Although the proliferating 
cell nuclear antigen (PCNA, a marker for the S 
phase) was clearly observed at 48 to 72 hours 
in 95% of WT livers, its expression was not 
observed or was highly reduced in 80% of 
cav1~'~ mice that survived at 72 hours. Al- 
though no differences were observed in the 
expression of the cell cycle inhibitor p21@”!, 
the amount of the inhibitor p27*!?! detected in 
cavl~'~ livers was slightly but consistently 
higher when compared to WT mice. Thus, the 
livers of cav/~/~ mice do not seem to progress 
correctly through the cell cycle. The impaired 
liver regeneration observed in cav/~/~ mice 
did not appear to result in an increased rate 
of apoptosis; no differences in the activity of 
caspases measured in regenerating livers were 
observed (fig. $3). 

Glucose can be the predominant energy 
substrate during liver regeneration, when suffi- 
cient levels are available during the immediate 
post-hepatectomy phase (/2, /3). The continu- 
ous infusion of glucose into partially hepatec- 
tomized rats prevents both the loss of glycogen 
and the deposition of lipid (14). Because the 
livers of cav1~/~ mice do not correctly metab- 
olize lipids after partial hepatectomy (Fig. 2), 
we hypothesized that the impaired liver regen- 
eration showed by these mice might be due to 
the perturbation of lipid handling. If so, the 
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treatment of animals with glucose before and 
during the regenerative process might allow 
liver regeneration in the cav/~/~ mice. Thus, 
WT and cav/~/~ mice were continuously sup- 
plied with 10% glucose in their drinking water 
for 60 hours before surgery and during the 
regeneration period afterward. Before partial 
hepatectomy, the ingestion of glucose-enriched 
water was approximately 10 ml per mouse per 
day (equivalent to 1 g of glucose per day). 
When cav/~/~ mice were treated with glucose, 
the survival index at 72 hours after partial 
hepatectomy dramatically increased to reach 
values comparable to those of glucose-treated 
WT mice (80.0% for cav/~’~ mice, n = 26 
mice; 73.3% for WT, n = 16) (Fig. SA). In WT 
mice treated with glucose, the liver regenera- 
tion index after 72 hours was 2.67% (+0.3), 
which, consistent with slightly delayed regen- 
eration in glucose-fed rats (/5, 16), represents 
45.3% (+5.1) of the original weight (Fig. 5B) 
(in contrast to 52.5% shown by WT mice that 
were not treated with glucose, Fig. 1D). Con- 
sistent with the decreased mortality of the 
cav1~/~ mice, liver regeneration was rescued 
by glucose feeding. Glucose-fed cav/~/~ mice 
showed a regeneration index of 2.32% (+0.4), 
which similarly to the WT glucose-fed mice 
represents 39.3% (+6.8) of the original liver 
weight. After partial hepatectomy, the levels of 
triacylglycerol in serum were similar to those 
shown by animals that were not treated with 
glucose. In contrast, in liver homogenate of 
glucose-fed animals, the level of triacylglycerol 
increased in both WT and cav/~’~ mice (Fig. 
5D). Although, as expected, no changes were 
observed in the expression of caveolin-1 (Fig. 
5E), when treated with glucose, the expression 
of ADRP in cav/~/~ animals was similar to 
that shown by WT mice (Fig. 5E). Treatment 
with glucose also rescued the inhibition of the 
cell cycle shown by cav1~'~ mice (Fig. 4B). In 
that case, 87.5% of cav!~/~ mice treated with 
glucose expressed high levels of PCNA 72 
hours after partial hepatectomy (Fig. SE). To 
examine the effect of glucose at the cellular 
level, hepatocytes from WT and cav/~/~ mice 
were isolated and cultured in a glucose-free 
medium containing growth factors supple- 
mented with a combination of fatty acids (0.5 
mM palmitoleic acid and 0.5 mM oleic acid) or 
alternatively with glucose (4500 mg/l), and the 
number of cells was determined after 48 hours 
(number of living cells after 48 hours/number of 
living cells 6 hours after isolation) by staining 
of cell nuclei with a standard crystal violet mea- 
surement. In contrast to WT cells, cav/~/— 
hepatocytes did not survive in the presence of 
fatty acids, and a reduction in the number of cells 
was observed (Fig. 5F). In the presence of 
glucose, both WT and cav/~‘~ hepatocytes 
showed a similar index. Thus, the increased 
mortality and decreased liver regeneration in 
mice lacking caveolin-1 can be rescued by 
glucose addition, pinpointing the crucial role of 


caveolin-1 in lipid regulation during the regen- 
eration process. 

We have shown that caveolin is essential for 
liver regeneration. caveolin-1—deficient mice 
showed increased mortality and decreased liver 
regeneration after partial hepatectomy. In the 
absence of caveolin-1, hepatocytes did not 
accumulate lipid droplets, and this has important 
effects on other cellular processes such as cell 
signaling and cell division. As a result, regener- 
ating cav!~’~ hepatocytes showed atypical cell 
activation and did not entirely advance through 
the cell cycle. Because the treatment of cav]~/~ 
mice with glucose increased mouse survival and 
reestablished progression of the cell cycle, we 
postulate that caveolin-1 has a crucial role in 
lipid regulation during the regeneration process. 
Thus, the S phase of the cell cycle may be 
metabolically regulated by the availability of 
lipid droplets or glucose. Although cav/~‘~ ani- 
mals show a relatively mild phenotype, suggest- 
ing that other proteins may compensate for the 
lack of caveolins in certain cellular or functional 
contexts, caveolin-1 plays an essential role in the 
hepatocyte that becomes apparent only in 
response to liver injury. 
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C-Terminal Signal Sequence 
Promotes Virulence Factor Secretion 
in Mycobacterium tuberculosis 


Patricia A. DiGiuseppe Champion,’ Sarah A. Stanley,”? Matthew M. Champion,? 


Eric J. Brown,” Jeffery S. Cox’:?* 


Mycobacterium tuberculosis uses the ESX-1/Snm system [early secreted antigen 6 kilodaltons (ESAT-6) 
system 1/secretion in mycobacteria] to deliver virulence factors into host macrophages during infection. 
Despite its essential role in virulence, the mechanism of ESX-1 secretion is unclear. We found that 
the unstructured C terminus of the CFP-10 substrate was recognized by Rv3871, a cytosolic component 
of the ESX-1 system that itself interacts with the membrane protein Rv3870. Point mutations in the 
signal that abolished binding of CFP-10 to Rv3871 prevented secretion of the CFP-10 (culture filtrate 
protein, 10 kilodaltons)/ESAT-6 virulence factor complex. Attachment of the signal to yeast ubiquitin was 
sufficient for secretion from M. tuberculosis cells, demonstrating that this ESX-1 signal is portable. 


cellular membranes through recognition 

of signal sequences (J, 2). In prokaryotes, 

most proteins are secreted through the general 

secretion pathway, which recognizes N-terminal 

signal peptides (3). Additionally, Gram-negative 

pathogenic bacteria use specialized secretion ma- 

chines to secrete virulence determinants during 
infection (4, 5). 

Mycobacterium tuberculosis does not have 

recognizable homologs of these specialized 


Pa are sorted for translocation across 


secretion systems. Instead, the ESX-1 system 
(ESAT-6 system-1) is required for controlling 
host-cell response to infection (6-8). ESX-1 is 
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encoded by genes in the RDI (region of dif- 
ference 1) locus of the genome that is missing in 
the M. bovis Bacille Calmette-Guérin vaccine 
strain (9, 70). This system includes a multitrans- 
membrane protein, Rv3877 (Snm4), and two 
putative SpolIIE/FtsK adenosine triphosphatase 
(ATPase) family members, Rv3870 (Snm 1) 
and Rv3871 (Snm2). These three proteins are 
required for secretion of two virulence factors, 
ESAT-6 and CFP-10 (8). ESAT-6 (product of 
the esxA gene) and CFP-10 (product of the 
esxB gene) interact to form a 1:1 dimer (//, 12), 
and the stability of these proteins is interdependent 
in vivo. CFP-10, but not ESAT-6, interacts with 
the C-terminal domain of Rv3871, a cytosolic 
component of the ESX-1 system (8). Although the 
secretion of ESAT-6 and CFP-10 is critical for 
M. tuberculosis virulence, the molecular mech- 
anisms of ESX-1 substrate selection and secre- 
tion are unclear. 

To define targeting sequences responsible for 
directing secretion by ESX-1, we probed a series 
of N- and C-terminal deletions in M. tubercu- 
losis CFP-10 for interaction with ESAT-6 and 
Rv3871 (/3). Deletion of 25 amino acids from 
either the N or C terminus of CFP-10 abrogated 
the interaction of CFP-10 with ESAT-6 (Fig. 1A). 
In contrast, the last 25 amino acids of CFP-10 
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Fig. 1. The C terminus of CFP-10 is necessary and sufficient for Rv3871 
interaction. Two-hybrid analysis of CFP-10 bait deletions with ESAT-6 (A) 
or Rv3871 (B) preys. (C) CFP-10 alanine scan mutants were tested for 
interaction with either ESAT-6 (top) or Rv3871 (bottom). (D) The last 
three to seven amino acids of CFP-10 were tested for interaction with 
Rv3871. For (A) to (D), B-galactosidase activity is shown; error bars rep- 
resent standard deviation. (E) The interaction of HA-Rv3871 (amino acids 
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were necessary and sufficient for interaction 
with Rv3871 (Fig. 1B). Proteins containing de- 
letions of the N-terminal 25 and 50 amino 
acids of CFP-10 retained Rv3871 binding 
activity, albeit at lower levels than full-length 
protein. These deletions interrupted domains 
of the folded protein (Fig. 1F), and the partial 
structures may have interfered with presenta- 
tion of the interaction domain in the two-hybrid 
system. 

Because the C-terminal domain of CFP-10 
was required for interaction with both ESAT-6 
and Rv3871, we identified individual residues 
required for the interaction of CFP-10 specifi- 
cally with Rv3871 (Fig. 1C and fig. S1). Muta- 
tions in four of the seven C-terminal amino 
acids of CFP-10 (L94A, M98A, G99A, and 
F100A) abolished interaction with Rv3871 
(Fig. 1C and fig. S1) but not with ESAT-6, 
demonstrating that these interactions are sepa- 
rable (Fig. 1C). Further deletion within the 
C-terminal tail of CFP-10 revealed that the 
last seven amino acids were sufficient for 
Rv3871 interaction (Fig. 1D). N-terminal 
deletions within the last seven amino acids of 
CFP-10 abrogated Rv3871 binding, demon- 
strating that L94 is critical for this interaction 
(Fig. 1D). 
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To independently test the interaction be- 
tween CFP-10 and Rv3871, we performed in 
vitro pulldown experiments (Fig. 1E). HA- 
Rv3871 fusion protein bound to agarose beads 
was incubated with lysates from Escherichia 
coli cells expressing CFP-10 or CFP-10 lacking 
the C-terminal seven amino acids (CFP-10A7CT) 
in the presence of ESAT-6. Under these condi- 
tions, CFP-10 did not bind to Rv3871-coated 
beads. Indeed, interactions of secreted proteins 
with targeting proteins are typically weak and 
transient (/4). Upon addition of protein cross- 
linker, however, the interaction was stabilized. 
Although low levels of CFP-10 were cross- 
linked nonspecifically to antibody-coated beads 
in the absence of Rv3871, CFP-10 interacted 
specifically with Rv3871 (Fig. 1E). In contrast, 
deletion of the C-terminal seven amino acids 
reduced binding to background levels (Fig. 1E). 
Thus, the last seven amino acids of CFP-10 are 
critical for interacting directly with Rv3871. 

The published CFP-10/ESAT-6 solution 
structure shows that the C-terminal 14 amino 
acids of CFP-10 form an unstructured tail that 
does not interact with ESAT-6 (//) (Fig. 1F). 
Because most of the residues required for CFP- 
10 interaction with Rv3871 map to this un- 
structured C terminus (Fig. 1F), we hypothesized 
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248 to 591) with CFP-10 by in vitro pulldown assays followed by CFP-10 
immunoblot analysis. Equal amounts of CFP-10 and CFP-10A7CT were 
loaded into the pulldown (lanes 1 and 2), and CFP-10 and CFP-10A7CT 
were added to beads alone (lanes 4 and 5) or to Rv3871-bound beads 
(lanes 6 and 7). (F) ESAT-6 (gray) and CFP-10 (blue) solution structure 
(11) modeled by Protein Explorer (24) with the N and C termini of CFP-10 
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that targeting information for both ESAT-6 and 
CFP-10 could lie in the last seven amino acids 
of CFP-10. 

To test the role of the CFP-10/Rv3871 inter- 
action in secretion in vivo, we introduced mutant 
forms of esxB into the AesxB M. tuberculosis 
strain. Despite bearing an in-frame deletion in 
the esxB gene, neither CFP-10 nor ESAT-6 was 


detectable in the cell lysate (Fig. 2A), consistent 
with previous results (8, 15). Expression of 
wild-type CFP-10 and ESAT-6 in the AesxB 
strain restored production and secretion of these 
proteins into the culture supernatant (Fig. 2A), 
whereas expression of CFP-10 lacking the 
terminal 25 amino acids (CFP-10A25CT) did 
not, presumably because of a lack of interaction 
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Fig. 2. The last seven amino acids of CFP-10 are necessary and sufficient for secretion from M. 
tuberculosis in vivo. (A) Immunoblot analysis of cell pellets (P) and supernatants (S) from wild-type (WT) 
M. tuberculosis (lanes 1 and 2), or AesxB strains bearing either the pMH406 complementation plasmid 
(COMP) (lanes 5 and 6), or plasmids expressing ESAT-6 and CFP-10A7CT (lanes 7 and 8) or CFP- 
10A25CT (lanes 9 and 10). GroEL was a control for autolysis. (B) Immunoblot analysis from AesxB 
M. tuberculosis harboring plasmids expressing ESAT-6 and either CFP-10 S96A (lanes 1 and 2), CFP-10 
M98A (lanes 3 and 4), or CFP-10 F100A (lanes 5 and 6). (C) Immunoblot analysis of pellets and super- 
natants from AesxB M. tuberculosis strains harboring either pMH406 (vector) (lanes 1 and 4), or plasmids 
expressing yeast ubiquitin (Ubi) (lanes 2 and 5), or yeast ubiquitin tagged at its C terminus with LSSQMGF 
(Ubi-LSSQMGF) (lanes 3 and 6). 


Table 1. ESAT-6 and CFP-10 paralogs identified in the culture filtrate by quantitative liquid 
chromatography—-tandem mass spectrometry (LC-MS/MS). 
Ratio 


% Sequence Ratio 


Protein Rv No Confidence coverage 116/114 117/114 pols 
name : of ID >99% conf. AesxB/ ARv3877/ 7 
peptides* WIt WIt pisoent 
EsxA Rv3874 >99.9% 93.70% = =0 yes 
EsxB Rv3875 >99.9% 92.00% = =0 yes 
EsxN Rv1793 >99.9% 98.90% 1.02:1 1.1:1 yes 
EsxL Rv1198 99.9% 98.90% 0.92:1 0.92:1 yes 
EsxO Rv2346c >99.9% 98.90% 0.99:1 1.01:1 yes 
EsxP$ Rv2347¢ >99.9% 93.90% 1.00:1 1.00:1 yes 
EsxKt Rv1197 >99.9% 93.90% 1.00:1 1.00:1 yes 
Esx]§ Rv1038c >99.9% 93.90% 1.1:1 0.99:1 yes 
EsxW§ Rv3620c >99.9% 93.90% 1.1:1 0.99:1 yes 
EsxG Rv0287 >99.9% 73.20% 1.00:1 1.00:1 yes 


*Sequence coverage = total amino acids identified/total in database, including signal sequences and N-terminal methionine. 
Only reported for those peptides with MS/MS confidence scores >99%. tRatio normalized for lysis and mixing error. 95% 
confidence interval was <+0.2 for each Esx peptide. $,8lnsufficient MS/MS or protein sequence evidence exists to 
differentiate these isoforms. 


with ESAT-6 (Figs. 1A and 2A). In contrast, 
expression of CFP-10 lacking the seven ter- 
minal amino acids (CFP-10A7CT) resulted in 
stable production of both ESAT-6 and CFP-10. 
Thus, the carboxy-terminal seven amino acids 
of CFP-10 are not required for protein stability 
or for interaction of CFP-10 with ESAT-6. The 
CFP-10A7CT and ESAT-6 proteins, although 
stable, were not secreted into the culture super- 
natant (Fig. 2A), establishing that these res- 
idues target both CFP-10 and ESAT-6 for 
secretion in vivo. 

We generated single-point mutations in the 
last seven amino acids of CFP-10 and tested 
these mutant proteins for stability and secretion. 
Stable expression of the CFP-10 S96A, CFP-10 
M98A, or CFP-10 F100A mutant protein was 
detectable in AesxB cell lysates, consistent with 
the dispensability of these residues for interac- 
tion with ESAT-6 in vivo. CFP-10 S96A, 
which could interact with Rv3871 (Fig. 1C), 
also allowed secretion of ESAT-6 into the 
culture supernatant from AesxB M. tuberculosis 
cells (Fig. 2B). In contrast, neither CFP-10 
M98A nor CFP-10 F100A was secreted into the 
culture supernatant (Fig. 2B). Like CFP-10A7CT, 
these mutant CFP-10 proteins could not pro- 
mote the secretion of ESAT-6 into the culture 
filtrate (Fig. 2B), demonstrating that these two 
residues are required for targeting both CFP-10 
and ESAT-6 for secretion in vivo. 

Because the last seven amino acids of CFP-10 
were necessary for CFP-10/ESAT-6 secretion, 
we tested whether these residues are sufficient 
for secretion. We expressed yeast ubiquitin or 
the last seven amino acids of CFP-10 fused 
to the C terminus of ubiquitin in the AesxB 
M. tuberculosis strain and monitored secretion 
into the culture supernatant by immunoblot 
analysis. Native ubiquitin was found exclusive- 
ly in the cell pellets (Fig. 2C). In contrast, 
addition of the CFP-10 signal sequence led to 
secretion of ubiquitin from the cells (Fig. 2C). 
Quantitative immunoblot analysis revealed that 
the ratio of secreted to cell-associated protein 
was lower by a factor of about 10 for the 
ubiquitin fusion protein than for CFP-10/ESAT-6, 
indicating that other features of CFP-10 or the 
CFP-10/ESAT-6 complex probably facilitate trans- 
port of these substrates by ESX-1. However, the 
last seven amino acids of CFP-10 can constitute 
a portable signal sequence sufficient to direct the 
secretion of a heterologous protein. 

Ten CFP-10 paralogs are encoded by the M. 
tuberculosis genome as a result of numerous 
duplications of the esxA/esxB operon (fig. S3A). 
At least three CFP-10 paralogs (EsxG, EsxW, and 
EsxJ, K, or M) and five ESAT-6 paralogs (EsxH, 
EsxL, EsxN, EsxO, and EsxR) have been iden- 
tified in the culture supernatants of M. tuberculosis 
(/6-18) and are candidate virulence factors. It 
is unclear whether these paralogs are secreted 
by the ESX-1 system or by distinct secretory 
systems (/9). Alignment of the amino acid 
sequences of these proteins (Fig. 3A) revealed 
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Fig. 3. CFP-10 paralogs are secreted from ESX-1 mutant strains. (A) Clustal alignments 
(25, 26) of the C termini of secreted CFP-10 paralogs, and CFP-10 homologs, colored 
according to the BLOSUM62 substitution matrix. The potential signal sequence region 
is underlined in red. (B) Example signature ion regions from CFP-10 and EsxG 
(Rv0287) peptides from proteins identified in culture supernatants of M. tuberculosis 
(13). Peaks at 114 Da, 116 Da, and 117 Da represent peptides found in WT, AesxB 
and ARv3877 culture supernatants. (C) Model of the M. tuberculosis ESX-1 secre- 
tion system. (mAg), mycolyl-arabinogalactan, (PG), peptidoglycan, (CM), cyto- 
plasmic membrane. 
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that five CFP-10 paralogs (EsxJ, EsxK, EsxP, 
EsxM, and EsxW) end in “QILSS,” which is 
similar to the “QALSS” found near the C ter- 
minus of CFP-10, but lack the terminal “MGF” 
required for CFP-10 secretion. EsxG ends in 
“ASTYTGF,” substituting the critical L94 and 
M98 residues of CFP-10 with alanine and 
threonine, respectively. We would predict that 
these paralogs and their associated ESAT-6 
paralogs would be secreted independently of 
ESX-1. 

To determine this, we measured the levels 
of these proteins in culture supernatants from 
wild-type, ARv3877, and AesxB M. tuberculosis 
strains using quantitative mass spectrometry 
(13, 20). Peptides from CFP-10 and ESAT-6, 
three ESAT-6 paralogs (EsxN, EsxL, and 
EsxO), and at least three CFP-10 paralogs 
(EsxG, EsxP or K, and EsxJ or W) (Fig. 3B, 
Table 1, and fig. S2) were present in wild-type 
supernatants, consistent with previous findings 
(16-18). Although peptides from CFP-10 and 
ESAT-6 were absent from supernatants from 
AesxB and ARv3877 deletion M. tuberculosis 
strains (Fig. 3B), each of the other Esx proteins 
was secreted to wild-type levels (Fig. 3B, Table 1, 
and fig. $2). Thus, the C-terminal signal se- 
quence possibly allows the ESX-1 system to 
discriminate between CFP-10 and its paralogs. 
Interestingly, five of these paralog pairs are 
embedded within loci with synteny to the ESX-1 
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CFP-10/ESAT-6 


region (2/), raising the possibility that other 
ESX-1-like secretion systems function to se- 
crete these Esx paralogs. 

Alignment of CFP-10 protein sequences 
from other bacterial species that are secreted 
by homologous ESX-1 systems (6-8, 15, 22, 23) 
reveals a notable stretch of conservation at the 
C terminus (Fig. 3A and fig. S3B). Because 
these residues do not play a structural role in 
the folded CFP-10/ESAT-6 dimer, the conser- 
vation at the C terminus suggests strongly that 
the mechanism of ESX-1 C-terminal signal 
sequence recognition has been conserved dur- 
ing bacterial evolution. 

We propose the following model for the 
targeting and secretion of substrates by the 
ESX-1 secretion system in M. tuberculosis 
(Fig. 3C). ESAT-6 and CFP-10 fold and form 
a stable dimer in the cytoplasm before 
targeting. The C-terminal domain of CFP-10 
is recognized by Rv3871, targeting both 
ESAT-6 and CFP-10. Substrate-bound 
Rv3871 interacts with Rv3870, a membrane- 
bound component of ESX-1, thus linking the 
cytosolic component of the system with 
membrane components. Because Rv3870 and 
Rv3871 are both members of the SpolIIE/ 
FtsK ATPase family, these proteins probably 
perform the work necessary to secrete ESX-1 
substrates. This is reminiscent of Type IV 
secretion systems in Gram-negative bacteria, 
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in which a membrane-bound SpolIIE/FtskK— 
like ATPase functions to recognize an un- 
structured C-terminal signal sequence and di- 
rect the secreted substrate to the cytoplasmic 
membrane (4). 


References and Notes 
1. G. Blobel, B. Dobberstein, j. Cell Biol. 67, 835 
(1975). 
2. W. Wickner, R. Schekman, Science 310, 1452 (2005). 
3. S. D. Emr, T. J. Silhavy, Prog. Clin. Biol. Res. 91, 3 
(1982). 
4. P.J. Christie, K. Atmakuri, V. Krishnamoorthy, S. Jakubowski, 
E. Cascales, Annu. Rev. Microbiol. 59, 451 (2005). 
5. K. S. Ramamurthi, O. Schneewind, Annu. Rev. Cell Dev. 
Biol. 18, 107 (2002). 
6. K. M. Guinn et al., Mol. Microbiol. 51, 359 (2004). 
7. T. Hsu et al., Proc. Natl. Acad. Sci. U.S.A. 100, 12420 
(2003). 
8. S.A. Stanley, S. Raghavan, W. W. Hwang, J. S. Cox, Proc. 
Natl. Acad. Sci. U.S.A. 100, 13001 (2003). 
9. G. G. Mahairas, P. J. Sabo, M. J. Hickey, D. C. Singh, 
C. K. Stover, J. Bacteriol. 178, 1274 (1996). 
10. M. A. Behr et al., Science 284, 1520 (1999). 
11. P. S. Renshaw et al., EMBO J. 24, 2491 (2005). 
12. P. S. Renshaw et al., J. Biol. Chem. 277, 21598 
(2002). 
13. Materials and methods are available as supporting 
material on Science Online. 
14. J. J. Flanagan et al., J. Biol. Chem. 278, 18628 (2003). 
15. S. E. Converse, J. S. Cox, J. Bacteriol. 187, 1238 
(2005). 
16. J. Mattow et al., Electrophoresis 24, 3405 (2003). 
17. |. Rosenkrands et al., Electrophoresis 21, 935 (2000). 
18. R.L. Skjot et al., Infect. Immun. 70, 5446 (2002). 
19. P. Brodin, |. Rosenkrands, P. Andersen, S. T. Cole, 
R. Brosch, Trends Microbiol. 12, 500 (2004). 


1635 


REPORTS 


20. L. R. Zieske, J. Exp. Bot. 57, 1501 (2006). 

21. S.T. Cole et al., Nature 393, 537 (1998). 

22. M. L. Burts, W. A. Williams, K. DeBord, D. M. Missiakas, 
Proc. Natl. Acad. Sci. U.S.A. 102, 1169 (2005). 

23. L.Y. Gao et al., Mol. Microbiol. 53, 1677 (2004). 

24. E. Martz, Trends Biochem. Sci. 27, 107 (2002). 

25. W. R. Pearson, D. J. Lipman, Proc. Natl. Acad. Sci. U.S.A. 
85, 2444 (1988). 

26. W. R. Pearson, Methods Enzymol. 183, 63 (1990). 


27. We thank H. Madhani and the Cox laboratory for the 
critical reading of this manuscript, and members of the 
Cox, A. Sil, and E. Brown laboratories for helpful 
discussion. This investigation was supported by NIH under 
Ruth L. Kirschstein National Research Service Award 
A105155 to P.A.C. This work was supported by NIH grants 
Al63302 and Al51667. J.S.C gratefully acknowledges 
the support of the Sandler Family Supporting Foundation 
and the W. M. Keck Foundation. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/3 13/5 793/1632/DC1 
Materials and Methods 

SOM Text 

Figs. $1 to $3 

Tables $1 and $2 


12 June 2006; accepted 13 July 2006 
10.1126/science.1131167 


An Alternative Bactericidal 
Mechanism of Action for Lantibiotic 
Peptides That Target Lipid Il 


Hester E. Hasper,? Naomi E. Kramer,”? James L. Smith,? J. D. Hillman,* Cherian Zachariah,° 
Oscar P. Kuipers,” Ben de Kruijff,? Eefjan Breukink?* 


Lantibiotics are polycyclic peptides containing unusual amino acids, which have binding specificity 
for bacterial cells, targeting the bacterial cell wall component lipid II to form pores and thereby 
lyse the cells. Yet several members of these lipid II-targeted lantibiotics are too short to be able to 
span the lipid bilayer and cannot form pores, but somehow they maintain their antibacterial 
efficacy. We describe an alternative mechanism by which members of the lantibiotic family kill 
Gram-positive bacteria by removing lipid II from the cell division site (or septum) and thus block 


cell wall synthesis. 


discovery of penicillin in 1928 catalyzed a 

multibillion-dollar pharmaceutical indus- 
try, spawned a plethora of antibiotics, and 
saved countless lives. However, human deaths 
stemming from infectious diseases have steadily 
reemerged in parallel with the rise of antibiotic- 
resistant pathogens, and medical researchers ur- 
gently need to develop new classes of antibiotics. 
Here, we report our findings on an alternative 
mechanism for bactericidal activity in members 
of the lantibiotic family of small peptides. No 
protein receptor is required for the bactericidal 
activity of this class of antibiotics. These mol- 
ecules kill bacteria by sequestering the essential 
cell wall biosynthetic molecule lipid II from the 
sites where bacterial cell wall synthesis occurs. 

The cell wall of bacteria forms a large scaf- 
fold of linear polymers of alternating amino 
sugars that are cross-linked via peptide bridges 
(the peptidoglycan layer). This layer is essential 
for survival. Its composition is quite uniform 
throughout the eubacteria, and consequently cell 
wall biosynthesis is an important target for anti- 
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biotics (/, 2). One of the key molecules in bac- 
terial peptidoglycan synthesis is lipid II, because 
it is essential for the transport of cell wall subunits 
across the bacterial cytoplasmic membrane (fig. 
S1A). This highly dynamic molecule is present 
in all eubacteria in relatively small amounts (3). 
Lipid I] is assembled on the cytoplasmic side of 
the bacterial membrane and is composed of one 
peptidoglycan subunit linked via a pyrophos- 
phate on a polyisoprenoid membrane anchor 
[GlcNAc-MurNAc-pentapeptide (fig. S1B)]. Sub- 
sequently, lipid II is transported across the plas- 
ma membrane, where it delivers its cargo to a 
multienzyme complex for polymerization and 
insertion into the preexisting cell wall (4). 


Fig. 1. Lipid Il segregation caused by 
lantibiotics visualized by fluorescence mi- 
croscopy. (A) Nisin in action. After the 
addition of 2 to 4 pl of a 2 mM nisin 
solution, the peptide started to diffuse 
into the field of view from the bottom 
right corner. This image is a snapshot of 
three vesicles that have either not yet 
encountered nisin (vesicle a), just encoun- 
tered nisin (vesicle b), or already been 
exposed to nisin for some time (vesicle c). 
Scale bar, 60 um. (B) GUV doped with 
NBD-labeled lipid II before treatment with 
mutacin 1140. (C) Mutacin 1140—induced 
segregation of NBD-labeled lipid II. (D) 
Snapshot of a GUV treated with mutacin 
1140 just at the onset of the lipid II seg- 
regation; the interior remains black. The 
green fluorescence of the NBD-labeled lipid 
Il and the red fluorescence of Texas Red 


were sequentially detected with the use of two lasers. 


The glycopeptide vancomycin binds specif- 
ically to the C-terminal p-Ala-p-Ala sequence of 
the pentapeptide of lipid II, thereby (i) prevent- 
ing the binding of penicillin-binding proteins 
(PBPs) that are responsible for the polymeriza- 
tion and integration of the peptidoglycan sub- 
units into the cell wall and (ii) consequently 
inhibiting cell wall synthesis, ultimately lead- 
ing to cell death. The group of small molecules 
known as lantibiotics also targets lipid II but 
acts by distinct mechanisms (5). Members of 
this family of antimicrobial peptides are char- 
acterized by the posttranslational addition of 
lanthionine rings (6-8). The best-known lanti- 
biotic, nisin (fig. S1C), contains five lanthionine 
rings and kills bacteria by targeted pore for- 
mation (9, 70). Recent structural studies show 
that the lanthionine rings A and B form a base- 
ball glove—like structure (the pyrophosphate 
cage) that binds the pyrophosphate of lipid II 
(11). This formation is followed by the assembly 
of nisin into a pore complex, together with lipid 
II, that has a stochiometry of eight nisins and 
four lipid Is (72). Yet there are nisin mutants (in 
the hinge region comprising residues 20 to 22) 
that do not have the ability to form pores but are 
still potent antibiotics (12, 13). Likewise, other 
related lantibiotics with similar A/B ring struc- 
tures [for instance, mutacin 1140 (fig. S1D)] also 
do not form pores (fig. S2). However, these 
lantibiotics are very efficient bactericides as well 
(/4). We have discovered that lantibiotics with 
an N-terminal pyrophosphate cage have an alter- 
native lipid I-dependent bactericidal mechanism. 
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We visualized the effect of nisin on giant 
unilamellar vesicles (GUVs) doped with fluo- 
rescently labeled lipid II. The fluorescence of 
the 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) 
labeled lipid II was initially spread homogeneous- 
ly over the GUV surface, and the fluorescence 
of the soluble marker Texas Red remained ex- 
tracellular (Fig. 1A). After the addition of nisin, 
the GUVs first filled up with red fluorescence 
as a result of pore formation (Fig. 1), and the 
green fluorescence originating from NBD- 
labeled lipid II then clearly segregated in the 
membrane (Fig. 1). Thus, wild-type nisin caused 
the segregation of lipid II in model membranes 
after the formation of pores. 

The addition of mutacin 1140 to NBD- 
labeled lipid doped GUVs (Fig. 1B) resulted in 
hot spots of lipid II fluorescence appearing within 
the membranes (Fig. 1C). Mutacin 1140 did not 
increase the permeability of the membrane, be- 
cause red fluorescence was not seen inside the 
GUVs (Fig. 1D and fig. S2). A hinge-region 
mutant of nisin [(N20PM21P)-nisin] that is a 
potent bacterial killer but is unable to form 
pores (/2, 13) gave results similar to those of 
mutacin 1140 (fig. S3). Comparable fluorescent 
patches were observed on the GUVs (fig. S4), 
when fluorescently labeled nisin [fluorescein 
was attached to the C terminus, where it does 
not affect the activity of the lantibiotic (fig. S5)] 
was added to GUVs doped with unlabeled lipid 
II. Hence, the patches contained both the lanti- 
biotics and lipid II. These results suggest that 
the sequestration of lipid II is involved in the 
mode of action of these lantibiotics. 

Peptidoglycan synthesis of bacteria has been 
shown to take place at defined positions on the 
bacterial membrane. During cell division, large 
amounts of peptidoglycan are synthesized at the 
septum and, during cell elongation (in the case 
of a rod-shaped cell), peptidoglycan synthesis is 
organized in helical threads along the longitudal 
axis of the cell (/5). This synthesis coincides 
with the localization of lipid II in vivo to the 


Fig. 2. Nisin segregates 
lipid Il into nonphysio- 
logical domains in vivo. 
(A) GUV containing 0.5 
mole percent wild-type 
lipid Il 15 min after the 
addition of fluorescently 
labeled vancomycin. (B) 
B. megaterium cells that 
were incubated for 10 
min with labeled vanco- 
mycin (2 «g/ml. The ar- 
rows point at newly formed 
division sites or older ex- 
emplars. (C) B. subtilis 
stained with fluorescent 
vancomycin (4 g/ml). 
(D) B. megaterium cells 


septum of Bacillus subtilis and in helical threads 
along the long axis of this bacterium, as vi- 
sualized with fluorescently labeled vancomycin 
(15). If lipid II cannot colocalize with peptido- 
glycan synthesis, then cell wall formation is 
inhibited, and bacteria are killed. 

We tested whether the lantibiotic-induced 
lipid II segregation seen in GUVs occurs in 
bacteria. As a marker for the location of lipid II 
in vivo, we used fluorescently labeled vanco- 
mycin as described in (/5). Labeled vancomy- 
cin bound to GUVs only when they contained 
wild-type lipid II, and it did not cause any 
segregation (Fig. 2A), demonstrating that it did 
not change the localization of the randomly 
dispersed lipid II. Like the results described by 
Daniel and Errington (/5), the vancomycin 
label clearly revealed pools of lipid II in the 
septum (Fig. 2, B and C), as well as in helical 
threads along the long axis of Bacillus cells. 
After the addition of fluorescently labeled nisin 
to these bacteria, a different lipid II distribution 
pattern was observed (Fig. 2, D and E). The 
fluorescence was absent from the septum (Fig. 
2D), and the helical threads were not seen. In- 
stead, the fluorescence originating from the 
nisin molecules appeared to be clustered in 
patches on the bacterial membranes, as in the 
observations in the GUVs. The effects were ob- 
served for more than 80% of the bacteria (fig. 
S6). Similar results were obtained with fluo- 
rescently labeled (N20PM21P)-nisin (fig. S7), 
and control experiments showed that, under the 
conditions used, the fluorescently labeled nisins 
bound only to lipid II (fig. S8). Similar patches 
could be observed upon treatment of Lacto- 
coccus lactis 1L1403 with fluorescently labeled 
nisin, demonstrating that the lipid II sequestra- 
tion by nisin was not limited to rod-shaped 
bacteria (fig. S9). These results demonstrate that 
nisin segregates lipid II into abnormal domains 
not only in vitro but also in vivo. 

Our results provide an explanation for pre- 
viously observed effects of staphylococcin T (a 


after incubation for 10 min with fluorescein-labeled nisin (0.5 g/ml). The arrow marks where the 
bacterium has already divided. (E) B. subtilis cells after incubation with fluorescein-labeled nisin (4 j1g/ml). 
The bottom image in (E) and the insets in (B) to (D) show Nomarski images. 
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lantibiotic similar to mutacin 1140) on Micro- 
coccus sp. (16), which may now be explained by 
an uncoupling between cell wall synthesis and 
membrane synthesis during cell division. Recent- 
ly, it has been shown that lantibiotics similar to 
mutacin 1140 (such as gallidermin and epidermin) 
are able to form pores only in model membranes 
composed of short-chain phospholipids that form 
thin membranes (/7). Their high level of 
antibacterial activity can now be explained by 
the sequestration mechanism described here. 

Based on these experiments, we propose 
that nisin and a broad range of at least 10 other 
lantibiotics (J8—20) having similar A/B ring 
structures displace lipid II from its functional 
location in Gram-positive bacteria. The lanti- 
biotics bind to the pyrophosphate of lipid II, 
and their effect depends on the combination of 
the length of the peptide and the thickness of 
the lipid bilayer. Lantibiotics resembling nisin 
kill the bacteria primarily by forming pores 
together with lipid II. Those that bear the pyro- 
phosphate cage, but are short and cannot span a 
bacterial bilayer to form pores, still remove lipid 
II from its functional location. This sequestering 
effect is a distinct mode of bactericidal activity 
that is currently known only in the lantibiotics 
which does not appear to have any known can- 
didate resistance mechanisms. 
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The Dynamic Energy Landscape of 
Dihydrofolate Reductase Catalysis 


David D. Boehr, Dan McElheny,* H. Jane Dyson, Peter E. Wrightt 


We used nuclear magnetic resonance relaxation dispersion to characterize higher energy 
conformational substates of Escherichia coli dihydrofolate reductase. Each intermediate in the 
catalytic cycle samples low-lying excited states whose conformations resemble the ground-state 
structures of preceding and following intermediates. Substrate and cofactor exchange occurs 
through these excited substates. The maximum hydride transfer and steady-state turnover rates are 
governed by the dynamics of transitions between ground and excited states of the intermediates. 
Thus, the modulation of the energy landscape by the bound ligands funnels the enzyme through its 


reaction cycle along a preferred kinetic path. 


fluctuations in protein conformation play a 

central role in enzyme catalysis (/—3). Pro- 
tein dynamics are implicated in events such as 
substrate or cofactor binding and product re- 
lease, and the chemical event itself involves an 
inherently dynamic process, with changes in 
atomic coordinates required along the reaction 
coordinate (4). Although there is considerable 
evidence from both theory and experiment that 
many enzymes are inherently flexible, the funda- 
mental mechanisms by which protein fluctua- 
tions couple to catalytic function remain poorly 
understood. 

Escherichia coli dihydrofolate reductase 
(DHER) has been used extensively as a model 
enzyme for investigating the relations between 
structure, dynamics, and function. Theoretical 
and experimental investigations suggest that 
protein fluctuations play a direct role in catal- 
ysis by DHFR [see (5) for a recent review]. The 
enzyme catalyzes the reduction of 7,8-dihydro- 
folate (DHF) to 5,6,7,8-tetrahydrofolate (THF) 
by using reduced nicotinamide adenine di- 
nucleotide phosphate (NADPH) as a cofactor. 
The kinetic mechanism involves rebinding 
of NADPH to assist the release of the THF 
product. The enzyme (E) cycles through five 
major intermediates: EINADPH, E:NADPH:DHF, 
E:NADP*:THF, E:THF, and E:NADPH:THF 
(6) (Fig. 1A). The structures of all of the kinet- 
ic intermediates, or models of the intermediates, 
have been determined by x-ray crystallog- 
raphy, and the conformational changes that 
occur during the catalytic cycle have been de- 
lineated (7, 8). The major sites of conforma- 
tional change include the active-site loop 
(residues 9 to 24, termed the Met”? loop) and 
the substrate-binding pocket (7) (Fig. 1B). In 
the holoenzyme E:NADPH and the Michaelis 
complex E:NADPH:DHF (modeled by the ter- 
nary E:NADP*:folate complex), the Met” loop 


I has long been recognized that dynamic 
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adopts a closed conformation, where it packs 
against the nicotinamide ring of the cofactor 
bound within the active site. In the three product 
complexes, the Met”? loop adopts an occluded 
conformation, where it sterically hinders the 
nicotinamide ring from binding in the active 
site; therefore, the nicotinamide ring is outside 
the pocket in these complexes. The substrate- 
binding pocket undergoes a similar transition, 
closing more tightly when both substrate and 
cofactor are present and opening to release 
products (7). 

Protein dynamics can be evaluated experi- 
mentally by nuclear magnetic resonance (NMR) 
spin relaxation techniques (9). Carr-Purcell- 


Fig. 1. Conformational 
changes during the DHFR 
catalytic cycle. (A) Met?° 
loop conformations for 
each complex in the 
catalytic cycle (8). The 
complexes are shown in 
distinctive colors that are 
used in Fig. 4. (B) Struc- 
tures of E:NADP+:folate 
[left, Protein Data Bank 
(PDB) 1RX2 (7)] and 
E:NADPH:5,10-dideazaTHF 
(ddTHF) [right, PDB 1RX6 
(7)], illustrating the con- 
formational changes that 
occur upon hydride trans- 
fer. In E:NADP*:folate, a 
model for the Michaelis 
complex E:NADPH:DHF, 
the Met? loop is in a 
closed conformation, and 
the folate-cleft width, mea- 
sured between the van der 
Waals contact surfaces of 
Ile and Leu2®, is 17.9 A. 
In E:‘NADPH:ddTHF, a mod- 
el for the product ternary 
complex E:NADP*:THF, 


Meiboom-Gill (CPMG)-based R, relaxation 
dispersion experiments monitor motion on the 
tis to ms time scale that is generally the most 
relevant for protein conformational change 
(J0). Through these methods, the transverse 
relaxation rate, R,, can be decomposed into R,., 
the contribution from exchange between differ- 
ent conformations, and Ro, all other contri- 
butions (9). For two-site chemical exchange 
between a ground state (A) and an excited state 
(B), R, relaxation dispersion is a function of the 
exchange rate constant k,, (k.. = kKx_.p + kg_.a)s 
the populations of states A and B (p, and pz, 
respectively), and the chemical shift difference 
between states A and B (Aw) (//), thus giving 
information regarding the kinetics and thermo- 
dynamics of protein motion (J2-/5) and 
providing insight into the structure of the higher 
energy state (13, 15, 16). 

The '°N R, relaxation dispersion measure- 
ments for the Michaelis complex model 
E:NADP*:folate (15) indicated that many of 
the residues that exhibit exchange contributions 
to relaxation are directly or indirectly associated 
with the Met” loop (Fig. 2A). These residues 
show characteristic chemical shift differences 
between closed and occluded complexes, and 
their resonances have been previously catego- 
rized as active site loop conformation markers 
(17). Likewise, chemical shift perturbation studies 
identified cofactor-binding and substrate- or 


hydride 
transfer 


the folate cleft opens by 0.8 A, and the Met2° loop is in an occluded conformation, restricting cofactor 
access to the active site. Residues that define the active site loop conformation, substrate-/product- 
binding, and cofactor-binding markers (17) are colored red, blue, and green, respectively. The bound 
cofactor is colored gold, and folate and ddTHF are shown in magenta. The residues for which dispersion 
data are shown in Fig. 2 are identified by open circles. 
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Fig. 2. Relaxation dispersion data for each intermediate 
in the catalytic cycle of DHFR. (Left) Model structures for 
various intermediates of the DHFR catalytic cycle (7). The 
backbone is colored red, green, or blue as in Fig. 1B. 
Residues for which conformational exchange is 
observed are indicated with spheres, which are colored 
red, green, and blue for resonances that report on 
active site loop conformation, cofactor binding, and 
substrate/product binding, respectively, and gray for 
resonances that are not identified with any of these 
categories. Yellow indicates resonances that show 
broadening, but for which data quality was insufficient 
to obtain reliable R, relaxation dispersion results. (Right) 
Representative *N R, relaxation dispersion curves for 
each complex. A full set of data for all residues that 
show detectable relaxation dispersion is included (figs. $1 
to S5). Error bars indicate estimated uncertainties in R, 
(15). (A) ENADP* folate (PDB 1RX2) and NMR data at 
303 K. (B) E:INADPH (PDB 1RX1) and NMR data at 
284 K. (C) E-THF (PDB 1RX5) and NMR data at 300 K. 
(D) E:NADP*+:THF (PDB 1RX4) and NMR data at 300 K. 
(E) E:NADPH:THF (PDB 1RX6) and NMR data at 
300 K. Relaxation dispersion data were collected and 
analyzed at two external magnetic field strengths (*H 
500 MHz and 800 MHz), but only 800 MHz data are 
shown for clarity. Red curves report on the active site 
loop conformation marker Gly*“*; blue curves, on the 
substrate-/product-binding marker Asp®”; and green 
curves, on the cofactor-binding marker Ser”” [(A) to 
(© and (E)] or Met“? (D). The green curve for Ser”” in 
(E) (green) has been offset for clarity (right axis). This 
figure was generated in part by using MOLMOL (27). 
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product-binding (substrate-/product-binding) mark- 
er resonances associated with residues that clus- 
ter around the cofactor- and substrate-binding 
pockets, respectively (7) (Fig. 1B). A compar- 
ison of the dynamic chemical shift differences 
(Aw values) determined from fits of the R, 
relaxation dispersion data to the equilibrium 
chemical shift differences (Ad values) between 
the closed complex E:NADP*:folate and the 
occluded complex E:DHNADPH:folate showed 
a remarkable linear correlation (/5). Thus, the 
higher energy state contributing to R, relaxation 
in the closed E:NADP*:folate complex rep- 
resents an occluded conformation similar to that 
found in the E:NADP*:THF product ternary 
complex. 

A complete set of '°N and 'H R, relaxation 
dispersion data have now been obtained for 
DHFR complexes that represent all of the kinetic 
intermediates populated in the steady-state 
catalytic cycle. Dispersion data measured at two 
frequencies were fitted to the general two-site 
exchange equations; the methods, dispersion 
curves, and fitted parameters for all complexes 
are provided (tables S1 to S4 and figs. S1 to S5). 
Some of these data are shown in Figs. 2 and 3. 

Analysis of amide '°N and 'H R, relaxation 
dispersion measurements for the holoenzyme 
E:NADPH revealed exchange processes for 
many residues located in or around the sub- 
strate binding site (Fig. 2B). Dispersive behav- 
ior was also observed for several residues in the 
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active site loop and the loop (residues 116 to 
132) between B strands F and G (the FG loop), 
but no relaxation dispersion was seen for 
residues in the cofactor-binding site. The 
localization of the residues showing exchange 
contributions to relaxation around the substrate- 
binding pocket suggests that the higher energy 
conformation sampled by E:NADPH plays an 
important role in capturing the substrate. Indeed, 
there is a strong linear correlation between the 
Aq@ values derived from the relaxation dispersion 
curves and the Ad values derived from the 
chemical shift differences between E:NADPH 
and E:NADPH:THF, or between E:NADPH and 
E:NADP*" :folate, representing the previous step 
or the next step in the cycle, respectively (Fig. 
3A). This result implies that the E:NADPH 
complex samples a higher energy substate in 
which the empty substrate-/product-binding 
pocket adopts a conformation similar to that of 
the ligand-bound state. A similar observation 
has been reported for ribonuclease A (RNaseA): 
As a result of conformational fluctuations, the 
free enzyme samples a higher energy state 
whose structure resembles the ligand-bound 
form (/8). Although many residues in the 
Met?° and FG loops experience exchange 
contributions, the derived Aw values do not 
correlate with the Ad values between the closed 
and the occluded conformations (fig. S6); the 
active site loop conformation in the excited 
state is currently unknown. 


E: THF 
123 45 


Ad (ppm) 


Fig. 3. Correlation between Aw 
values obtained from relaxation 
dispersion measurements and 
differences (AS) between chemi- 
cal shifts in the ground states of 
adjacent complexes in the cata- 
lytic cycle. (A) Aw for E:NADPH 
plotted against Ad [equal to 


Seenavpy ~ Seenaperinyer CiCles; OF Benanery ~ Senavp' solatey triangles] (slope = 0.95, R* = 0.97); (B) Aw 
for E:THF plotted against Ad [equal to Srp) — Se-napptruey Circles; or Secu) — Seenappustuey triangles] 
(slope = 1.1, R2 = 0.99); (C) Aw for E:NADP*:THF plotted against AS [8 e:naopttHn — Sqyapp solatey! DY 
using 10 mM (circles) and 50 mM (triangles) NADP* (slope = 1.0, R* = 0.99); and (D) Aw for 
E:NADP*:THF plotted against AS [8¢.napp+tup — Serum! by using 10 mM (circles) or 50 mM (squares) 
NADP’, or plotted against AS [S¢.napp*ur) — Oesotatey! by using 10 mM (triangles) or 50 mM (diamonds) 
NADP* (slope = 0.91, R* = 0.94). The data points for the Gly*° amide, which hydrogen-bonds directly to 
the cofactor, are enclosed in a circle and were not included when determining the line of best fit. (E) Aw 
for E:NADPH:THF plotted against AS [S¢¢.yanputur) — Se-vappwy! (Slope = 0.97, R* = 0.98). Residues are 
colored red, green, and blue to indicate residues reporting on the active site loop conformation, cofactor 
binding, and substrate/product binding, respectively. Solid symbols indicate that the sign of Aw could be 
determined from a comparison of HSQC and heteronuclear multiple-quantum coherence spectra at an 
external magnetic field strength of 1H 500 MHz (28), and open symbols indicate residues where only the 
absolute values for Aw and Aé are reported. Error bars indicate uncertainties in Aw estimated by Monte 
Carlo simulation (75). 
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In direct contrast to the E:NADPH complex, 
residues surrounding the cofactor-binding cleft 
display exchange contributions to relaxation in the 
E:THF complex (Fig. 2C). A linear correlation is 
observed between Aw and A8q.qy¢ — E:NADP THF) 
or ASgerye — ENADPHTHR) Values (Fig. 3B), sug- 
gesting that the higher energy conformation 
contributing to '°N R, relaxation in E:THF re- 
sembles the product ternary complexes. Any 
relaxation dispersion observed for residues lining 
the substrate-binding pocket or in the FG loop 
can generally be traced to local differences in 
conformation between E:THF and product ter- 
nary complexes (table S2 and fig. S7). 

In the EINADP*:THF complex, confor- 
mational changes are observed in the active 
site loops and the ligand-binding pockets 
(Fig. 2D). The Aw values for residues sur- 
rounding the cofactor-binding cleft and the 
active site loops correlate with different Ad 
values (Fig. 3, C and D). The Aw values for 
residues in the active site loops correlate to 
A8ce:NaDP*: THE = E:NADP*: folate) (Fig. 3C), 
showing that the occluded E:NADP*:THF com- 
plex samples a higher energy state in which the 
active site loops are in a closed conformation, re- 


Fig. 4. The dynamic en- 
ergy landscape of DHFR 
catalysis. Ground state 
(larger) and higher energy 
(smaller) structures of each 
intermediate in the cycle, } 
modeled on the published 
x-ray structures (7), are 
shown color-coded accord- 
ing to the scheme in Fig. 
1A, with NADPH and 
NADP* shown in gold 
and substrate, product, 
and analogs shown in 
magenta. For each inter- 
mediate in the catalytic 
cycle, the higher energy 
conformations detected 
in the relaxation dis- 
persion experiments re- 
semble the ground-state 
conformations of adja- 
cent intermediates; their 
interconversion rates, al- 
so obtained from the 
relaxation dispersion ex- 
periments, are shown 
with black arrows. Rate 
constants for the inter- 
conversion between the 
complexes, measured by 
pre—steady-state enzyme 
kinetics at 298 K, pH = 
6 (6) are indicated with 
red arrows. R, relaxation 
dispersion measurements 
were made at pH = 6.8 


product 
release 


sembling the conformation of the E:DHF:NADPH 
Michaelis complex (modeled by E:NADP* :folate) 
that immediately precedes it in the catalytic 
cycle. For many of the residues surrounding the 
cofactor-binding cleft, a linear correlation is ob- 
served between Aw and AS e.napp'-THE — E:folate) 
and/or Aé appt -THE — E-THR) (Fig. 3D), reveal- 
ing the presence of an additional excited state 
in which the conformation of the adenosine- 
binding site is similar to that in the binary 
E:THF product complex. The excited protein 
substates do not reflect physical dissociation of 
cofactor or chemical changes. The population of 
E:THF in equilibrium with the ternary product 
complex E:NADP*:THF is estimated to be 0.4% 
on the basis of rate constants determined from 
pre-steady-state analysis (6), whereas the 
excited state population from relaxation disper- 
sion experiments is much larger (p, > 2.3%). 
Repeat experiments at fivefold higher NADP* 
concentration, where the population of the E: THF 
complex is estimated to be ~0.08%, showed 
identical R, relaxation dispersion for the res- 
idues surrounding the adenosine-binding site 
(table S3), which rules out cofactor dissociation 
as the origin of the exchange contributions to 
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the R, relaxation rates. In addition, the x-ray 
structures (7) show that the Gly*° amide forms 
a hydrogen bond to the phosphate group of the 
cofactor, which leads to a large change in the 
'SN chemical shift [3.5 to 4.0 parts per million 
(ppm)] upon binding of NADP* to the E:THF 
or E:folate complexes. However, the Aw for 
Gly?° is much smaller (<1.35 ppm) (Fig. 3D), 
implying that the hydrogen bond remains 
largely intact and that conformational exchange 
is not modulated by cofactor dissociation. The 
closed excited-state conformation of the active 
site loops also cannot be a consequence of hy- 
dride transfer, because the rate constant of the 
back reaction is too slow at this pH (~0.03 s~!) 
for this process to contribute measurably to R, 
relaxation dispersion (6). 

The ground-state conformations of 
E:NADPH:THF and E:NADP™:THF are very 
similar, as evidenced by their nearly identical 
ISN heteronuclear single-quantum coherence 
(HSQC) spectra, yet the two complexes exhibit 
very different R, relaxation dispersion. The 
E:NADPH:THF complex (Fig. 2E) exhibits 
more pronounced dispersive behavior for resi- 
dues surrounding the substrate-/product-binding 
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(E:NADP*+:folate) or pH = 7.6 (E:NADPH:THF, E:NADP*:THF, E:NADPH, and E:THF) at 281 K (E:NADPH), 300 K (E:NADPH:THF, E:NADP*:THF, and E:THF), or 303 K 


(E:NADP* folate). 
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pocket and no conformational exchange for res- 
idues in the cofactor-binding cleft. The Aw val- 
ues for most residues surrounding the substrate-/ 
product-binding pocket correlate strongly with 
AS @.napprTHF — ENADpH (Fig. 3E). Again, this 
cannot be due to the physical dissociation of THF 
from the complex, because the population of the 
excited-state (p,, > 1.9%) is substantially greater 
than the population of the binary E:NADPH 
complex in equilibrium with E:NADPH:THF 
(population ~ 0.12%). Moreover, repeating the 
experiment at a THF concentration three times 
higher (estimated population of E:NADPH ~ 
0.04%) yielded nearly identical results (table 
S4). Many residues associated with the active site 
loops also display conformational exchange, yet 
the derived Aw values for most of these do not 
correlate with an occluded-to-closed conforma- 
tional change. This result provides further 
evidence that we are not observing physical 
dissociation of product THF to form the closed 
E:NADPH complex but are monitoring fluctua- 
tions into a higher energy conformation of 
E:NADPH:THF that resembles one without 
product bound. The higher energy substates 
sampled by E:NADPH and E:NADPH:THF 
may be similar, because Aw values for reso- 
nances showing dispersion in both the binary 
and the ternary complex display a linear cor- 
relation (fig. S11). 

These results can be placed in the context of 
the catalytic cycle (Fig. 4). The higher energy 
conformations that we observe in the R, relax- 
ation dispersion experiments appear to play a 
direct role in catalysis. In all five intermediates, 
there is conformational exchange on a ps-ms 
time scale between the ground-state structure 
and one or two excited states that resemble the 
ground state of the preceding and/or the fol- 
lowing intermediate in the catalytic cycle. The 
binary complexes E:NADPH and E:THF sam- 
ple excited-state conformations that facilitate 
binding of substrate/product and cofactor, respec- 
tively. Thus, binding of ligands to the enzyme 
appears to occur by a conformational selection 
(19, 20) or selected-fit (2/) mechanism, rather 
than by the induced-fit mechanism (22) that has 
been traditionally invoked to explain substrate- 
induced conformational change. An underlying 
tenet of the induced-fit model is conformational 
homogeneity, with binding occurring by a 
sequential mechanism; the ligand binds to the 
enzyme and induces a conformational change that 
increases the complementarity between ligand 
and protein. However, most proteins are structur- 
ally heterogeneous; their energy landscapes are 
rugged, and a number of conformational substates 
lie close in energy to the ground state and are 
populated through thermal fluctuations (23). In 
the conformational selection model, a small 
population of a minor conformational substate 
resembling the ligand-bound or induced con- 
formation is already present in solution, in a 
preexisting equilibrium with the major ligand- 
free state. Ligand binds to the minor substate, 
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causing a shift in the equilibrium such that the 
ligand-bound conformation becomes the new 
major substate (19, 20). The experimentally de- 
termined bimolecular rate constant for binding 
of substrate to ENADPH (4 x 107M7' s~‘) (6) 
is consistent with a mechanism that invokes the 
diffusion-controlled association (~ 10° M7! s~!) 
of substrate with a small population (p, = 2%) 
of a binding-competent excited state of the 
E:NADPH holoenzyme. 

Our results suggest that ligand release also 
occurs through higher energy substates. The 
excited state structures of E:'NADP*:THF and 
E:NADPH:THF resemble conformations in 
which the cofactor- or product-binding pocket is 
empty, even though ligand dissociation has not 
occurred. Fluctuations that populate these higher 
energy substates effectively prepare the enzyme 
for ligand dissociation; this process can be viewed 
as the opposite to conformational selection and 
ligand binding. Indeed, Aw values for amides in 
the substrate-/product- and cofactor-binding 
pockets of the complementary binary and ternary 
complexes E:NADPH/E:NADPH:THF and 
E:(THF or folate)/E:NADP*:THF, respectively, 
are correlated (fig. S11), suggesting that ex- 
change contributions to relaxation arise from 
similar, but opposing, processes. 

Transitions between the conformational sub- 
states occur at rates, determined from the R, 
relaxation dispersion experiments, that are di- 
rectly relevant to DHFR catalysis. Comparison 
with the rate constants determined from pre— 
steady-state kinetics (6) provides strong evi- 
dence that the rate of progression through the 
various steps of the reaction cycle is governed by 
the dynamics of the conformational fluctuations 
between the ground and the excited states of the 
kinetic intermediates (Fig. 4). Thus, the first- 
order rate constant for release of THF from the 
E:NADPH:THF complex (12.5 s~! at 298 K), 
which is the rate-determining step at physio- 
logical pH, is very similar to the ground-to- 
excited state conformational exchange rate 
constant (12 to 18 s~! at 300 K) that we 
measure for the residues surrounding the 
substrate-/product-binding pocket. This argues 
strongly that product dissociation occurs from 
the excited state. Maximum substrate turnover 
can also be rationalized in the context of this 
model. Subsequent to hydride transfer, which is 
effectively instantaneous relative to the rate of 
protein conformational change (24), the enzyme 
is converted from the closed E:NADPH:DHF 
Michaelis complex to a closed EINADP*:THF 
complex. The kinetic rate constant for the con- 
formational change from the higher energy 
closed state to the occluded ground state of 
E:NADP*:THF (k ~ 1200 s~! at 300 K) is 
very similar to the pH-independent rate constant 
for hydride transfer (k,.4 = 950 s_' at 298 K) 
(6). Thus, both the product release and the 
chemical transformation rate constants are large- 
ly determined by the exchange rate constants 
between substates that are thermally populated 
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within the conformational ensemble; that is, the 
maximum hydride transfer rate and the steady- 
state turnover rate are dictated by physical 
changes within the energy landscape of the 
enzyme. A correlation between the overall turn- 
over rate and protein motions has also been 
described for the enzyme cyclophilin (25). 

Because R, relaxation dispersion experiments 
can generally only characterize higher energy 
conformations that make up at least 1 to 2% of the 
ensemble, there may be additional excited states 
that are inaccessible to the technique. However, 
the excited-state conformations that we observe, 
together with the ground-state conformation, will 
constitute the lowest-energy members of the 
conformational ensemble of each intermediate. 
These results imply that the most functionally 
relevant conformations also possess the lowest 
energy of all potential conformations. In this 
view, ligands dictate not only the ground-state 
conformation but also the most accessible higher 
energy substates. As ligands change, through 
binding or dissociation processes or through 
chemistry, the energy landscape and the pop- 
ulations of the accessible states change in re- 
sponse. Thus, the dynamic energy landscape (26) 
efficiently funnels the enzyme through its 
catalytically competent conformations along a 
preferred kinetic path, where the number and 
heights of the energetic barriers between consec- 
utive conformations have been minimized. 
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Imaging Intracellular Fluorescent 
Proteins at Nanometer Resolution 
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We introduce a method for optically imaging intracellular proteins at nanometer spatial resolution. 
Numerous sparse subsets of photoactivatable fluorescent protein molecules were activated, 
localized (to ~2 to 25 nanometers), and then bleached. The aggregate position information from 
all subsets was then assembled into a superresolution image. We used this method—termed 
photoactivated localization microscopy—to image specific target proteins in thin sections of 
lysosomes and mitochondria; in fixed whole cells, we imaged vinculin at focal adhesions, actin 
within a lamellipodium, and the distribution of the retroviral protein Gag at the plasma membrane. 


ransfected cells expressing fluorescent 
proteins (/) contain information that is 
accurate at the molecular level about the 
spatial organization of the target proteins to 
which they are bound. However, the best reso- 
lution that can be obtained by diffraction- 
limited conventional optical techniques is coarser 
than the molecular level by two orders of mag- 
nitude. Great progress has been made with 
superresolution methods that penetrate beyond 
this limit, such as near field (2), stimulated emis- 
sion depletion (3), structured illumination (4, 5), 
and reversible saturable optical fluorescence tran- 
sitions microscopy (6), but the goal remains a 
fluorescence technique capable of achieving reso- 
lution closer to the molecular scale. 

Early results (7) in single-molecule micros- 
copy (8) and the spatiospectral isolation of 
individual exciton recombination sites in a semi- 
conductor quantum well (9) led to a proposal for 
a means of molecular resolution fluorescence 
microscopy a decade ago (JO). In brief, 
individual molecules densely packed within 
the resolution limit of a given instrument [as 
defined by its point-spread function (PSF)] are 
first isolated from one another on the basis of 
one or more distinguishing optical character- 
istics. Each molecule is then localized to much 
higher precision by determining its center of 
fluorescence emission through a statistical fit of 
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the ideal PSF to its measured photon distribu- 
tion (Fig. 1). When the background noise is 
negligible compared with the molecular signal, 
the error in the fitted position is o,,,, ~ s/(N”), 
where s is the standard deviation of a Gaussian 
approximating the true PSF (~200 nm for light 
of wavelength 2 = 500 nm) and N is the total 
number of detected photons (//, /2). Given that 
it is possible to detect many more than 104 
photons from a single fluorophore before it 
bleaches, single-molecule localization to nearly 
1-nm precision has already been demonstrated 
(13-15) and applied to studies of molecular 
motor dynamics (/3). 

Multiple emitters within a single diffraction- 
limited region (DLR) have been isolated from one 
another by either spectral (15, 16) or temporal 
means, the latter exploiting the photobleaching 
(14,17) or blinking (78) of the emitters. How- 
ever, the number of emitters isolated per DLR 
(typically 2 to 5) has been too small to give 
resolution within the DLR that is comparable to 
existing superresolution techniques, and it is far 
from the molecular level. Here, we developed a 
method for isolation of single molecules at 
high densities (up to ~10°/um7?) based on the 
serial photoactivation and subsequent bleaching 
of numerous sparse subsets of photoactivatable 
fluorescent protein (PA-FP) molecules (19-24) 
within a sample. We then applied the method to 
image specific target proteins in thin (~50- to 
80-nm) sections and near the surfaces of fixed 
cultured cells, resolving the most precisely 
localized molecules therein at separations 
(~10 nm) approaching the molecular level. 

The method and typical data subsets are 
shown in Fig. 1. Cultured mammalian cells ex- 
pressing PA-FP-tagged target proteins were 
prepared by transient transfection, fixed, and 
processed on cover slips either as whole cells or 


in cryosections cut from a centrifuged pellet of 
cells (25). Such cover slips were then placed in 
a custom microscope chamber (fig. S1) de- 
signed to minimize thermal and mechanical 
drift (fig. S2) (25). They were continuously 
excited by a laser at a wavelength (A,,, = 561 
nm) near the excitation maximum of the ac- 
tivated form of the expressed PA-FPs. Finally, 
to minimize both autofluorescence and detector 
noise, they were imaged by total internal 
reflection fluorescence (TIRF) microscopy 
(13, 26) onto an electron-multiplying charge 
coupled device (EMCCD) camera that can 
detect single photons. 

Initial image frames typically consisted of 
sparse fields of individually resolvable single 
molecules on a weaker background presumably 
dominated by the much larger population of 
PA-FP molecules still in the inactivated state. 
When necessary, excitation and thus bleach- 
ing was maintained until such sparse fields 
were obtained. Additional image frames were 
then captured until single-molecule bleaching 
resulted in a mean molecular separation con- 
siderably larger than that required for isolation 
(Fig. 1, A and C). At that point, we applied a 
light pulse from a second laser at a wavelength 
(Axct = 405 nm) capable of activating the re- 
maining inactive PA-FPs, at a duration and in- 
tensity chosen so that the overall density of 
activated PA-FPs was increased back to a higher, 
but still resolvable, level (Fig. 1, B and D). This 
process of photoactivation, measurement, and 
bleaching was then repeated (movie S1) for 
many cycles over ~10* to >10° image frames 
(depending on the expression level and spatial 
distribution of the PA-FPs) until the population 
of inactivated, unbleached molecules was de- 
pleted. At typical frame rates of ~0.5 to 1.0 s, 
between 2 and 12 hours were required to acquire 
a complete image stack that could be distilled 
to a single superresolution image containing 
~10° to >10° localized molecules. We con- 
tinued to explore methods (such as brighter 
molecules, higher excitation power, and higher 
activation density) to speed this process. 

When the xy frames from any such image 
stack are summed across time ft, the molecular 
signals overlap to produce a diffraction-limited 
image (Fig. 1, E and F) similar to that obtained 
by conventional TIRF, in which all molecules 
emit simultaneously (fig. S3). However, when 
the data are plotted in a multidimensional 
volume xyt (Fig. 1, center), the signal from 
each molecule m is uniquely isolated and can 
be summed at each pixel and across all of 
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the frames in which it appears. This result (Fig. 
1G, left) is then fitted using a robust nonlinear 
least squares algorithm to an assumed Gaussian 
PSF of free center coordinates x,, y, (Fig. 1G, 
center) (25), yielding coordinates x,,, y,, for 
the location of the molecule, with a position 
uncertainty (6, ,,),,- Finally, each molecule is 
rendered in a new xy frame as a Gaussian of 
standard deviation (o, ,),, (rather than the 
much larger standard deviation s of the original 
PSF), centered at x,,, y,, (Fig. 1, G, right, and 
A’ to D’) and normalized to unit strength when 
integrated over all xy space. Thus, the super- 
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Fig. 1. The principle behind PALM. A sparse subset 
of PA-FP molecules that are attached to proteins of 
interest and then fixed within a cell are activated (A 
and B) with a brief laser pulse at 1, = 405 mm 
and then imaged at (.,. = 561 mm until most are 
bleached (C). This process is repeated many times 
(C and D) until the population of inactivated, 
unbleached molecules is depleted. Summing the 
molecular images across all frames results in a 
diffraction-limited image (E and F). However, if 
the location of each molecule is first determined 
by fitting the expected molecular image given by 
the PSF of the microscope [(G), center] to the 
actual molecular image [(G), left], the molecule 
can be plotted [(G), right] as a Gaussian that has 
a standard deviation equal to the uncertainty 
o,, in the fitted position. Repeating with all 
molecules across all frames (A’ through D’) and 
summing the results yields a superresolution 
image (E’ and F’) in which resolution is dictated 
by the uncertainties ©, as well as by the density 
of localized molecules. Scale: 1 x 1 um in (F) and 
(F), 4 x 4 um elsewhere. 
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resolution image obtained by summing the 
rendered Gaussians associated with all localized 
molecules in the original image stack (Fig. 1, E’ 
and F’) provides a probability density map 
where brightness is proportional to the likeli- 
hood that a PA-FP molecule can be found at a 
given location. 

This technique, termed photoactivated lo- 
calization microscopy (PALM), is capable of 
resolving the most precisely localized mole- 
cules at separations of a few nanometers. These 
represent the very brightest emitters (the much 
larger population of all isolated molecules ex- 
hibits a much broader range of photon counts; 
fig. S4). Thus, when rendering PALM images, 
a fundamental trade-off exists: Including fewer, 
but brighter, molecules results in higher local- 
ization and crisper images, but at a reduced 
molecular density giving less complete infor- 
mation about the spatial distribution of the 
target protein (fig. S5). Both parameters— 
localization precision and the density of rendered 
molecules—are key to defining performance in 
PALM. Their specific values for the images in 
Figs. 2 to 4 are given in table S1. 

This performance is largely dictated by the 
photophysical characteristics of the PA-FPs. 
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Longer photobleaching half-life leads to more 
photons per molecule, but for a given excitation 
intensity, it also requires longer data acquisition 
times between activation pulses to maintain 
an appropriate density of individually resolv- 
able molecules. Higher excitation cross-sectional 
o and fluorescence quantum efficiency ® can 
speed this process of signal extraction and 
bleaching, with the added benefit of increasing 
the molecular contrast relative to the autofluo- 
rescence background. Also vital is the contrast 
Ccxc) = (GP), .,/(6P),.,4. between the PA-FP 
in its activated and inactivated state at ,,., 
because this dictates the maximum molecular 
density beyond which the background from 
many weakly emitting inactivated molecules in 
a DLR dominates the signal from a single ac- 
tivated one. PA-FPs that remain activated until 
bleached ensure that all possible photons are 
extracted. Finally, PA-FPs less prone to blinking 
are desirable, given that it can be difficult to 
distinguish a single blinking molecule from 
multiple molecules that are serially activated 
and bleached in the same DLR (25). 

Although we have demonstrated isolation 
and localization with both green [photoactivatable 
green fluorescent protein (PA-GFP) and Dronpa] 


Fig. 2. Comparative summed-molecule TIRF (A) and PALM (B) images of the same region within a cryo- 
prepared thin section from a COS-7 cell expressing the lysosomal transmembrane protein CD63 tagged 
with the PA-FP Kaede. The larger boxed region in (B), when viewed at higher magnification (C) reveals 
smaller associated membranes that may represent interacting lysosomes or late endosomes that are not 
resolvable by TIRF. In a region where the section is nearly orthogonal to the lysosomal membrane, the most 
highly localized molecules fall on a line of width ~10 nm (inset). In an obliquely cut region [(D), from the 
smaller boxed region in (B)], the distribution of CD63 within the membrane plane can be discerned. 
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and yellow [Kaede, Kikume Green-Red (KikGR), 
and Eos Fluorescent Protein (EosFP)] excitable 
PA-FPs, for imaging cellular structures we 
focused on tetrameric Kaede and the various 
oligomers of EosFP—the former for its some- 
what higher brightness and the latter for their 
less perturbative effect on cellular structure and 
function. Each also exhibits high contrast rela- 
tive to both the inactivated state and autoflu- 
orescence background at A... = 561 nm. 

We used PALM imaging to view intra- 
cellular structures in thin cryosections (25), akin 
to those used in transmission electron microsco- 
py (TEM) but imaged under ambient conditions 
(Figs. 2 and 3). In Fig. 2, lysosomes in a COS-7 
cell are visualized through expression of the 
lysosomal transmembrane protein CD63 fused 
to Kaede. Localization to the lysosome mem- 
brane was confirmed by comparative immuno- 
fluorescence labeling in similarly prepared 
samples (fig. S6). A TIRF image shows the 
outlines of the limiting membrane (Fig. 2A) but 
only hints at the intricate structure that is re- 
solved by PALM, such as smaller associated 
membranes that may represent interacting lyso- 
somes or late endosomes (Fig. 2, B and C). 
Indeed, in regions where the section plane is 
nearly orthogonal to the membrane, the most 
highly localized molecules fall on a line with an 
apparent width of ~10 nm (inset, Fig. 2C), 
demonstrating that they are indeed fixed and 
that sample drift has been successfully miti- 
gated (25). In other regions of the cryosection 


where the cut is more oblique to the lysosome, 
a wider, yet still sharply defined, swath of mem- 
brane is projected onto the image plane (Fig. 
2D), permitting detailed investigation of the 
distribution of CD63 within the membrane 
plane. 

In Fig. 3, PALM images of dEosFP-tagged 
cytochrome-C oxidase import sequence local- 
ized within the matrix of mitochondria in a 
COS-7 cell are compared with TEM images of 
the same mitochondria. The high degree of 
correlation between the two data sets validates 
the PALM imaging principle, and the sharpness 
of the mitochondrial edges (Fig. 3H) as viewed 
by PALM is far closer to that seen by TEM 
than that observed by diffraction-limited TIRF 
(Fig. 3A). Such comparative PALM/TEM im- 
aging permits the nanometer-scale distribution 
of a specified protein to be determined in 
relation to the rest of the cellular ultrastructure 
at much higher molecular density than in im- 
munolabeled TEM—more than 5500 molecules 
are localized in Fig. 3E, compared with the 20 
or so particles typical in immunogold labeling 
of the mitochondrial matrix. Superposition of 
the PALM and TEM images (Fig. 3, D and G) 
also reveals that the matrix reporter molecules 
extend up to, but not into, the ~20-nm outer 
mitochondrial membrane, underscoring the 
resolution capability of the technique. Corre- 
lated PALM/TEM does not have the added 
preparation steps and specificity issues asso- 
ciated with exogenous labels for combined 
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fluorescence/EM such as fluorescein or resoru- 
fin arsenical helix binder (27). Finally, efforts 
are underway to establish dual-labeled PALM 
or PALM fluorescence resonance energy trans- 
fer, which would permit the relative distribution 
or regions of interaction between multiple 
proteins to be discerned at the nanometer level. 
Thin sections are advantageous for PALM be- 
cause they exhibit less autofluorescence than bulk 
samples, ensure that the PA-FPs are immobile, 
and permit the study of intracellular organelles 
that are inaccessible under TIRF excitation. How- 
ever, demonstration of PALM on fixed cultured 
cells in phosphate-buffered saline (Fig. 4) is also 
notable both as a means to study proteins at or 
near the plasma membrane under minimally 
invasive conditions and as a precursor to eventual 
three-dimensional (3D) PALM imaging. 
Confirmation that the nanometer-level resolu- 
tion of PALM is retained under such conditions is 
given by the comparison of TIRF (Fig. 4A) and 
PALM (Fig. 4B) images of dEos-fused vinculin at 
focal adhesion regions (fig. S7) of a fox lung 
fibroblast (FoLu) cell to a cover slip. PALM 
reveals the heterogeneity within a selected attach- 
ment (box, Fig. 4A) and, in one subregion, sug- 
gests the partial assembly of a vinculin network 
(arrows, Fig. 4B). Similarly, a TIRF image (Fig. 
4C) of tandem-dimer EosFP-fused actin in a 
cultured FoLu cell (fig. S8) shows both large 
cytoskeletal stress fibers and a lamellipodium, 
whereas PALM within the latter (Fig. 4D) reveals 
an increased concentration of actin at the leading 


Lae i f 
SS 


Fig. 3. Comparative summed-molecule TIRF (A), PALM (B), TEM (C), and 
PALM/TEM overlay (D) images of mitochondria in a cryo-prepared thin 
section from a COS-7 cell expressing dEosFP-tagged cytochrome-C ox- 
idase import sequence. Higher magnification PALM (E), TEM (F), and 
overlay (G) images within the box in (B) reveal that these matrix re- 


porter molecules extend up to, but not into, the ~20-nm outer mito- 
chondrial membrane. The molecular distribution across two mitochon- 
dria along lines 1 and 2 in PALM image (E) are compared in (H) to the 
TEM signal along lines 3 and 4 in (F) across the same mitochondria. 
Scale bars: 1.0 jum in (A) to (D); 0.2 jum in (E) to (G). 
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edge. Under even higher magnification (inset, Fig. 
4D), numerous short filaments are observed. 
These may be independent structures fixed in the 
process of assembly, or they may be part of a 
larger, continuous 3D network only partially 
revealed by the short extent of the evanescent 
excitation field. 

In whole cells, PALM with TIRF excitation is 
well suited to studies of proteins bound to the 
plasma membrane, such as the dEosFP-fused Gag 
protein of human immunodeficiency virus 1 
imaged by TIRF and PALM in Fig. 4, E and F, 
respectively. Gag, a retroviral protein that medi- 
ates the assembly of virus-like particles (VLPs), is 
revealed by PALM in various stages of organi- 
zation: voids (arrows marked V), one high-density 
region (arrow R), and several tight clusters 
probably indicative of budding VLPs (arrows 
marked P, and magnified inset of Fig. 4F). 

In the future, PALM should benefit from im- 
provements in and additions to the palette of 
available PA-FPs, as well as from the discovery of 
means to modify the PA-FP environment to en- 
hance photostability (/3) and suppress blinking. 
Recently, we demonstrated photoactivation in 
PALM through ultraviolet-induced uncaging 
(28) of fluorophores (fig. S10) which, when 
combined with immunolabeling or other devel- 
oping methods to achieve high-specificity intra- 
cellular protein labeling (27, 29), might offer a 
different avenue to improved localization pre- 
cision and faster frame rates, given that a broad 


spectrum of high-brightness caged fluorophores 
is potentially available. 

Algorithmically, additional well-localized mol- 
ecules might be mined from the data if better 
means are found to unambiguously collate the 
multiple photon bursts from blinking molecules. 
Possible improvements to the fitting algorithm to 
achieve higher localization accuracy should also 
be explored. Although most of the observed mol- 
ecules are well represented by a circularly sym- 
metric Gaussian PSF, possible systematic position 
errors due to chromophore orientation, pixel non- 
uniformity, and chromatic aberration deserve 
closer attention. Perhaps most importantly, position 
error due to background nonuniformity within the 
molecular fitting window needs to be addressed, 
particularly when the number of inactivated mole- 
cules contributing to this background is high. 

Experimentally, multiple angles and polariza- 
tions of TIRF excitation may eventually permit the 
precise determination of the xyz position and 
dipole orientation for fixed PA-FP molecules 
within the evanescent field. Standing wave TIRF 
could provide an excitation PSF of width ~ 2.,_/6, 
improving localization precision for a given 
photon count. Bulk cellular autofluorescence 
complicates the extension of PALM to 3D, but 
the improved single-molecule sensitivity predicted 
for a proposed optical lattice microscope (30) may 
help. However, the most promising path to 3D 
may involve cryogenic PALM of vitrified cells, 
due to the narrow molecular line widths, large 


Fig. 4. Examples of PALM imaging near the surfaces of whole, fixed cells. (A) A summed-molecule TIRF 
image of focal adhesions for a FoLu cell expressing dEos-tagged vinculin. (B) A magnified PALM view of 
the structure within a single adhesion over the region indicated by the box in (A), including apparent 
assembly of vinculin in a partial network (arrows). (C) A summed-molecule TIRF image near the periphery 
of a FoLu cell expressing tdEos-tagged actin. (D) A magnified PALM view of the actin distribution within 
the portion of the lamellipodium outlined by the box in (C). Inset, a further magnified view near the 
leading edge over the region indicated by the smaller box. (E and F) Summed-molecule TIRF and PALM 
images, respectively, of a COS-7 cell expressing the retroviral protein Gag tagged with dEos. The PALM 
image highlights voids (arrows labeled V), a higher density region (arrow R), and probable condensation 
at several points (arrows labeled P) into VLPs of ~100- to 150-nm size (inset). 
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cross-sections, and improved stability expected (8). 
On the other hand, the ambient, TIRF-based 
PALM system demonstrated here has the ad- 
vantage of simplicity, requiring only a TIRF- 
capable microscope with appropriate lasers, filters, 
and EMCCD camera, as well as basic acquisition, 
localization, and image rendering software. As 
such, it could be widely adopted in short order for 
the near-molecular resolution imaging of specified 
proteins for in vitro preparations and fixed cells. 
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handbook presents concise and peer-reviewed 
information on the characterization and classifi- 
cation of a wide range of receptors, ion channels, 
transporters, neurotransmitter synthesis/metabo- 
lism pathways, and intracellular signaling 
enzymes. More than 80 existing entries were 
updated, and 26 new entries were added with a 
focus on kinases and ion channels. 
Sigma-Aldrich For information 314-286-7616 
www.sigma-aldrich.com/ehandbook 


For more information visit Product-info, 
Science's new online product index 
at http://science.labvelocity.com 


From the pages of Product-Info, you can: 
* Quickly find and request free 


information on products and services 
found in the pages of Science. 

* Ask vendors to contact you with more 
information. 


* Link directly to vendors’ Web sites. 


Newly offered instrumentation, apparatus, and laboratory 
materials of interest to researchers in all disciplines in academic, 
industrial, and government organizations are featured in this 
space. Emphasis is given to purpose, chief characteristics, and 
availability of products and materials. Endorsement by Science 
or AAAS of any products or materials mentioned is not implied. 
Additional information may be obtained from the manufacturer 
or supplier by visiting www.science.labvelocity.com on the Web, 
where you can request that the information be sent to you by 
e-mail, fax, mail, or telephone. 
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ScienceCareers.org 


Classified Advertising 


Get the Experts 
Behind You. 


For full advertising details, go to 
www.sciencecareers.org and click on For 
Advertisers, or call one of our representatives. 


United States & Canada 


E-mail: advertise@sciencecareers.org 
Fax: 202-289-6742 


JILL DOWNING 

(CT, DE, DC, FL, GA, MD, ME, MA, 

NH, NJ, NY, NC, PA, RI, SC, VT, VA) 
Phone: 631-580-2445 

KRISTINE VON ZEDLITZ 

(AK, AZ, CA, CO, HI, ID, IA, KS, MT, NE, 

NV, NM, ND, OR, SD, TX, UT, WA, WY) 
Phone: 415-956-2531 

ALLISON MILLAR 

Employment: AR, IL, LA, MN, MO, OK, WI 
Canada; Graduate Programs; Meetings & 
Announcements (U.S., Canada, Caribbean, 
Central and South America) 

Phone: 202-326-6572 


DARYL ANDERSON 

Inside Sales Manager 

(AL, IN, KY, MI, MS, OH, TN, WV) 
Phone: 202-326-6543 


Europe & International 
E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223-326-532 
TRACY HOLMES 

Phone: +44 (0) 1223-326-525 
HELEN MORONEY 

Phone: +44 (0) 1223-326-528 
CHRISTINA HARRISON 

Phone: +44 (0) 1223-326-510 
SVITLANA BARNES 

Phone: +44 (0) 1223-326-527 
JASON HANNAFORD 

Phone: +81 (0) 52-789-1860 


To subscribe to Science: 
In U.S./Canada call 202-326-6417 or 1-800-731-4939 
In the rest of the world call +44 (0) 1223-326-515 


Science makes every effort to screen its ads for offensive and/or 
discriminatory language in accordance with U.S. and non-U.S. law. 
Since we are an international journal, you may see ads from non-U.S. 
countries that request applications from specific demographic 
groups. Since U.S. law does not apply to other countries we try to 
accommodate recruiting practices of other countries. However, we 
encourage our readers to alert us to any ads that they feel are 
discriminatory or offensive. 


ScienceCareers.org 
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INSTITUT PASTEUR 


POSTDOCTORAL FELLOWSHIPS 
Institut Pasteur, Paris, France 


Founded in 1887 by Louis Pasteur and lo- 
cated in the heart of Paris, the Institut Pasteur 
is a world-renowned private research orga- 
nization. The Pasteur Foundation is seeking 
outstanding Fellowship Applicants. Candidates 
may apply to any laboratory within 10 depart- 
ments: cell biology and infection; developmental 
biology; genomes and genetics; immunology; 
infection and epidemiology; microbiology; neu- 
roscience; parasitology and mycology; struc- 
tural biology and chemistry; and virology. See 
website for details. 

Fellowships are $60,000 per year for three 
years ($45,000 stipend plus $15,000). U.S. citi- 
zenship required. Deadline: February 2, 2007. 

E-mail: pasteurus@aol.com. 

Website: http://www.pasteurfoundation. 
org. 


POSTDOCTORAL POSITIONS 


NIH-funded positions available immediately to 
study the role of lung-specific innate immune de- 
fense mechanisms, such as surfactant proteins that 
belong to the collectin family of proteins, in defense 
against specific pathogens. The studies will include 
inducible transgenic mice expressing surfactant pro- 
teins in the lungs for these investigations. Modula- 
tion of dendritic cell function as well as T helper and 
T regulatory cell responses in the transgenic mice 
subjected to infection models will be investigated. 
Technical approaches utilized in the laboratory in- 
clude transgenic and gene knockout mice, microarray, 
proteomics, flow cytometry, siRNA, and standard im- 
munological, biochemical, and molecular biology tech- 
niques (see website: http://immunology.medicine. 
pitt.edu/ and J. Clin. Investig. 116:996, 2006; Proc. 
Natl. Acad. Sci. USA 103: 7777, 2006; Journal of 
Immunology 174:854, 2005; J. Clin. Invest. 114:28, 
2004; Journal of Experimental Medicine 197:1689, 
2003. Strong background in molecular biology is 
essential. Experience in animal work highly desirable. 
Please send a brief cover letter, curriculum vitae, and 
the names and telephone numbers of two to three 
references to: Dr. Anuradha Ray, Department of 
Medicine/Pulmonary Division, University of 
Pittsburgh School of Medicine, MUH 628 N.W., 
3459 Fifth Avenue, Pittsburgh, PA 15213. E-mail: 
raya@pitt.edu. 


Two POSTDOCTORAL POSITIONS are avail- 
able to study Nrf2 and INrf2 (Keap]) signaling in 
oxidative stress. It involves studying modifications of 
Nrf2 and INrf2 by serine and tyrosine kinases and 
redox factors and generation of knockout/transgenic 
mice models to study in vivo role of Nrf2 and INrf2 
in prevention of oxidative stress and related diseases. 
Experience in biochemical and molecular biology 
techniques is required. Applicants should submit cur- 
riculum vitae, names, addresses, telephone numbers, 
and e-mail addresses of three references. Contact: 
Dr. Anil K. Jaiswal, Ph.D., Professor, Department 
of Pharmacology, Baylor College of Medicine, One 
Baylor Plaza, Houston, TX 77030, U.S.A. or e-mail: 
ajaiswal@bcm.tmce.edu. 


POSTDOCTORAL POSITION is available to 
study mechanisms and tissue interactions in breast 
carcinogenesis. Qualified individuals should have a 
Ph.D. or an M.D./Ph.D. as well as experience in 
molecular biology and developmental or cell biolo- 
gy. Please send a cover letter, resume or curriculum 
vitae, and a summary of research interests to Carlos 
Sonnenschein, M.D. at e-mail: cschaeberle@ 
gmail.com, or fax: 617-636-3971. 


POSITIONS OPEN 


POSTDOCTORAL OR RESEARCH 
ASSOCIATE POSITION 
University of Minnesota, Department of Neurology 


Postdoctoral or Research Associate Position in 
biochemical protein analysis is available immediately 
in the laboratories of Karen H. Ashe, M.D., Ph.D. 
(Department of Neurology) and Carrie M. Wilmot, 
Ph.D. (Department of Biochemistry, Molecular Bi- 
ology, and Biophysics) to determine the biochemical 
characteristics of molecular assemblies linked to the 
progression of Alzheimer’s disease (website: http:// 
www.neurology.umn.edu/neurology/faculty/ 
hsiaoashe/home.html). 

The candidate must possess a Ph.D. in bio- 
chemistry or molecular biology. Candidates with a 
rigorous background in protein purification from 
source material, particularly involving antibody af- 
finity chromatography, are encouraged to apply. 

Apply online and attach curriculum vitae, and the 
names of at least two references at website: http:// 
employment.umn.edu (requisition 140580) or 
send by e-mail to e-mail: dr. karen ashe: hsiao005@ 
umn.edu. 

The University of Minnesota is an Equal Opportunity 
Educator and Employer. 


MULTIPLE SCLEROSIS / 
NEUROIMMUNOLOGY RESEARCH 


Seeking POSTDOCTORAL FELLOWS for 
research in neuroimmunology and multiple sclerosis. 
Requirements include background in immunology / 
T cell biology, experience in experimental allergic 
encephalomyelitis models and neuroimmunology, as 
well as technical proficiency in conducting in vivo 
experiments, cell culture, fluorescence activiated cell 
sorter, and enzyme-linked immunosorbent assay. 
Contact: 

A. M. Rostami, M.D., Ph.D., 
Department of Neurology 
Thomas Jefferson University 
Philadelphia, PA 

Interested candidates should send curriculum 
vitae to e-mail: bxcl70@jefferson.edu. 


Seeking POSTDOCTORAL FELLOW or RE- 
SEARCH ASSOCIATE to work in field of growth 
factors in embryonic and adult kidney. Range of 
possible work includes identification of new growth 
factors, creation of transgenic animals, and evalu- 
ation of iron dependent growth activities. Appli- 
cant must have outstanding skills in cloning and use 
of transgenic and knockout models. Alternatively, 
skill in adenovirus creation needed. Send curriculum 
vitae to Jonathan Barasch, M.D., e-mail:jmb4@ 
columbia.edu. Columbia University is an Affirmative 
Action/Equal Opportunity Employer. 


A POSTDOCTORAL position is available im- 
mediately to study the host immune response to 
enteric pathogens in the Division of Infectious Dis- 
eases at the Department of Biomedical Sciences, Tufts 
University Cummings School of Veterinary Medi- 
cine. Candidates with a Ph.D. degree or equivalent 
with experience in cellular and molecular biology are 
encouraged to apply. Please send curriculum vitae 
and a list of three references to: Dr. Saul Tzipori 
(e-mail: saul.tzipori@tufts.edu) or Dr. Hanping 
Feng (e-mail: hanping.feng@tufts.edu). Tufts Univer- 
sity is an Affirmative Action/Equal Opportunity Employer. 


RESEARCH POSITION. RESEARCH AS- 
SISTANT (B.S./M.S.) and postdoctoral research 
projects: (1) DNA damage in lung and liver carcino- 
genesis. (2) Mutations in lung cancer. (3) Repair of 
ultraviolet damage in mammalian cells. Experience 
in molecular biology, biochemistry, and genetics. 
Laboratories are located in a beautiful rural setting 
in Sterling Forest, Tuxedo, New York. Curriculum 
vitae and references by e-mail: tang@env.med. 
nyu.edu or by mail to: Dr. Moon-shong Tang, 
Department of Environmental Medicine, New 
York University, Tuxedo, NY 10987. 
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POSITIONS OPEN 


POSTDOCTORAL RESEARCH ASSOCIATE 


Membrane Protein Structure and Folding 


A Research Associate position in molecular phys- 
iology and biological physics at the University of 
Virginia is currently available for a highly moti- 
vated individual to work on the structure and 
folding of membrane proteins using nuclear mag- 
netic resonance (NMR) and other spectroscopic 
techniques. The successful candidate has experi- 
ence in cloning and expression of membrane pro- 
teins and/or NMR spectroscopy and biophysical 
techniques characterizing membrane proteins. The 
University of Virginia is a top-ranked public uni- 
versity located in Charlottesville, one of the best 
places to live in the United States. This position 
will remain open until filled. Candidates holding a 
Ph.D. degree in an applicable science field should 
send curriculum vitae and contact information for 
three references to: Professor Lukas Tamm, Mo- 
lecular Physiology and Biological Physics, Univer- 
sity of Virginia, P.O. Box 800736, Charlottesville, 
VA 22908, U.S.A., e-mail: Ikt2e@virginia.edu. 

The University of Virginia is an Equal Opportunity 
Employer. 


UNIVERSITY OF PITTSBURGH 
CANCER INSTITUTE 


Two POSTDOCTORAL FELLOWSHIPS are 
available to work with Z. Sheng Guo, Ph.D. and 
David L. Bartlett, M.D. The Fellows will work in 
exciting field of cancer biology and therapy in- 
corporating epigenetic therapy, immunotherapy, 
and oncolytic virotherapy. One Fellow should pos- 
sess a Ph.D. in immunology. Expertise in T cell and 
dendritic cell biology is a plus. The second Fellow 
should have a Ph.D. in virology or related field and 
will work on oncolytic virotherapy. We offer a com- 
petitive benefit package and a great work environ- 
ment for you to succeed in. Interested candidates 
should send cover letter, curriculum vitae, and 
names of three references to Z. Sheng Guo, Ph.D., 
via e-mail: guozs@upmc.edu. 


POSTDOCTORAL RESEARCH 
OPPORTUNITY 
University of Texas, M.D. Anderson Cancer Center 
Houston, Texas 


A Postdoctoral Fellowship is available in the Ovar- 
ian Cancer Research Laboratory directed by Robert C. 
Bast Jr., to conduct research focused on exploring 
imprinted tumor suppressor genes, signal transduc- 
tion, and autophagy in ovarian and breast cancer. 
Applicants should possess a Ph.D., or equivalent, and 
have had experience with molecular and cellular bi- 
ology and animal models. Send e-mail with cover let- 
ter, curriculum vitae, and three references to Robert 
C. Bast Jr., M.D., e-mail:rbast@mdanderson.org. 

All positions at the University of Texas, M.D. Anderson 
Cancer Center are sensitive and subject to examination of 
criminal history record information. Smokefree and drugfree 
environment. M.D. Anderson Cancer Center is an Equal Op- 
portunity Employer and does not discriminate on the basis of 
race, color, national origin, gender, sexual orientation, age, 
religion, disability, or veteran status except where such dis- 
tinction is required by law. 


POSTDOCTORAL POSITIONS are available 
to study the role of homeobox genes in development 
and cancer. Qualified individuals should have a Ph.D. 
and/or M.D., as well as prior experience in molecular 
biology, mouse genetics and/or developmental biolo- 
gy. Please send curriculum vitae, summary of research 
interests, and three confidential letters of reference 
to: Cory Abate-Shen, Ph.D., Center for Advanced 
Biotechnology and Medicine; University of Med- 
icine and Dentistry of New Jersey - Robert Wood 
Johnson Medical School, 679 Hoes Lane, Piscata- 
way, NJ 08854. Fax: 732-235-5789, e-mail: abate@ 


cabm.rutgers.edu. 
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POSITIONS OPEN 


POSTDOCTORAL RESEARCH ASSOCIATE 


Molecular Mechanisms of Exocytosis 


A Research Associate position in cell biology at 
the University of Virginia is currently available for 
a highly motivated individual to work in a joint 
project between two well-established cell biology 
and biophysics laboratories to elucidate molecular 
mechanisms of exocytosis in neuroendocrine cells 
using advanced fluorescence microcopy and single 
molecule approaches. The successful applicant will 
have experience in molecular cloning and transfec- 
tion, cell culturing, and microscopy. The Univer- 
sity of Virginia is a top-ranked public university 
located in Charlottesville, one of the best places to 
live in the United States. This position will remain 
open until filled. Candidates holding a Ph.D. 
degree in an applicable science field should send 
curriculum vitae and contact information for three 
references to: Professor David Castle, Cell Bi- 
ology, e-mail: jdc4r@virginia.edu, or Professor 
Lukas Tamm, Molecular Physiology and Bio- 
logical Physics, e-mail: lkt2e@virginia.edu, Univer- 
sity of Virginia, P.O. Box 800736, Charlottesville, 
VA 22908, U.S.A. 

The University of Virginia is an Equal Opportunity 
Employer. 


BIOFILMS-MICROBIAL FUEL CELLS 
POSTDOCTORAL POSITIONS available to 


study the structure and function of biofilms respon- 
sible for electricity production in microbial fuel cells 
harvesting energy from waste organic matter and 
renewable biomass. Previous experience in the study 
of microbial biofilms is highly desirable. Minimum 
qualifications are a Ph.D. in microbiology or a related 
field. Salary is commensurate with experience. For re- 
search program details please visit website: http:// 
www.geobacter.org. Please e-mail curriculum vitae 
and names of three references to: Dr. Derek Lovley, 
Department of Microbiology, University of Massa- 
chusetts, Amherst, MA. E-mail: dlovley@microbio. 
umass.edu, or send application materials to: Search 
Committee R27005 Microbiology, 203N Morrill 
IVN, Umass Amherst, MA 01003. Review of ap- 
plications will begin on September 12, 2006, and 
continue until the positions are filled. University of 
Massachusetts is an Affirmative Action/Equal Opportunity 
Employer. Women and members of minority groups are en- 
couraged to apply. 


POSTDOCTORAL POSITIONS 


Heart Failure 


Two NIH-funded Postdoctoral positions available 
immediately to study gene regulation and molecular 
pathways relevant to pathogenesis of heart failure 
(see J. Biol. Chem. 280:43121, 2005 and J. Biol. 
Chem. 278:20047, 2003). Ph. D. required. Experience 
in basic physiology, cell culture, and molecular bi- 
ology techniques will be helpful, but not essential. A 
senior position of RESEARCH ASSISTANT PRO- 
FESSOR is also available for a trained person. Send 
resume and three names of references to: Mahesh P. 
Gupta, Ph.D. Department of Surgery (Cardiac, MC 
5040), University of Chicago, 5841 S. Maryland Ave- 
nue, Chicago, IL 60637. E-mail: mgupta@surgery. 
bsd.uchicago.edu. University of Chicago is an Equal Op- 
portunity /Affirmative Action Employer. 


POSTDOCTORAL/RESEARCH ASSOCIATE/ 
RESEARCH SPECIALIST are available in the 
Lung Biology and Toxicology Laboratory at Okla- 
homa State University (OSU) to study exocytosis, 
cell differentiation, and fluid transport from molec- 
ular level to whole animal using various modern 
techniques including DNA microarray and RNA 
interference. Highly motivated candidates are en- 
couraged to apply. A background in molecular and 
cellular biology, electrophysiology, lung biology, 
and/or animal physiology is a plus. Send curriculum 
vitae to: Dr. Lin Liu, Department of Physiological 
Science, Oklahoma State University, Stillwater, 
OK 74078; e-mail: liulin@okstate.edu. Applica- 
tions will be accepted through October 15, 2005, or 
until suitable candidates are identified. OSU is an 
Affirmative Action/Equal Opportunity Employer. 


POSITIONS OPEN 


A POSTDOCTORAL POSITION in microbial 
genetics is available to investigate gene regulation in 
Haemophilus ducreyi, the etiologic agent of chan- 
croid. Emphasis will be placed on the elucidation of 
the regulatory mechanism(s) by which H. ducreyi 
controls the differential expression of the LspA1 and 
LspA2 proteins; these exoproteins are major viru- 
lence determinants. Position requires a Ph.D. in micro- 
biology, biochemistry, genetics, or a related biological 
science and experience with recombinant DNA tech- 
niques. Position includes salary, fringe benefits, and 
the opportunity to work in a dynamic research en- 
vironment. Send curriculum vitae and the names and 
telephone numbers of three references to: Dr. Eric 
J. Hansen, Department of Microbiology, The Uni- 
versity of Texas Southwestern Medical Center at 
Dallas, 5323 Harry Hines Boulevard, Dallas, TX 
75390-9048. Fax: 214-648-5905. E-mail: eric. 
hansen@utsouthwestern.edu. University of Texas South- 
western is an Equal Opportunity /Affirmative Action Employer. 


POSTDOCTORAL POSITIONS IN 
BIOCHEMISTRY AND MOLECULAR 
BIOPHYSICS 
Washington University, St. Louis 

Postdoctoral positions are available for studies of 
DNA motor proteins (helicases and translocases) 
involved in DNA replication, recombination and re- 
pair and single-strand binding protein-DNA interac- 
tions using biochemical and biophysical approaches. 
Candidates should have interests in mechanistic 
studies using transient kinetic methods (fluores- 
cence, stopped-flow, quenched-flow) and thermo- 
dynamics. Send curriculum vitae to: Professor 
Timothy M. Lohman, Biochemistry and Molecu- 
lar Biophysics, P.O. Box 8231, Washington Uni- 
versity School of Medicine, 660 South Euclid 
Avenue, St. Louis, MO 63110 (e-mail: lohman@ 
biochem.wustl.edu). 


A POSTDOCTORAL FELLOW POSITION 
is available immediately at University of California, 
Los Angeles, to study cellular mechanisms of 
hippocampal synaptic dysfunction in Alzheimer 
models. The position requires strong background 
in cellular neurobiology and experience in the 
following areas: electrophysiological recordings in 
neuronal cultures or brain slices, immunohistochem- 
istry, Western blotting, gene construct and transfec- 
tion in neurons. Salary is commensurate with 
experience and competitive benefits package avail- 
able. Send curriculum vitae and names of three 
references to: Dr. Cui-Wei Xie, University of 
California, Los Angeles UCLA-NPI, 760 West- 
wood Plaza, Los Angeles, CA 90024. E-mail: 
cxie@mednet.ucla.edu. 


POSTDOCTORAL POSITIONS 
University of California, Berkeley 


Postdoctoral Positions available to study bacterial 
pathogenesis and the cellular biology of microbial 
infection. Fellows have the opportunity to acquire 
research skills using bioinformatics, microarray, and 
molecular genetic techniques, and to utilize modern 
technology in experimental designs applied to infec- 
tious agents. Recent Ph. D. graduates with productive 
research background in microbiology, cell biology, 
and/or immunology are encouraged to apply. Send 
curriculum vitae and names of references by mail to: 
Dr. R. S. Stephens, 140 Warren Hall, University 
of California, Berkeley, CA 94720. 


POSTDOCTORAL POSITION is available 
immediately to study the virulence functions of 
GPI-proteins during Candida albicans infection. 
Research involves targeted gene disruption and 
overexpression in C. albicans, identification of host 
cell receptors, and assessment of virulence in murine 
models. Experience in molecular and cellular biolo- 
gy desired. Please submit curriculum vitae, summa- 
ry of research experience, and three references to: 
Dr. Yue Fu, Harbor- University of California at Los 
Angeles Medical Center, 1124 W. Carson Street, 
Torrance, CA 90502. E-mail: yuefu@ucla.edu. 
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POSTDOC OPPORTUNITIES 


BLOOD COAGULATION AND 
FIBRINOLYSIS RESEARCH 


POSTDOCTORAL POSITIONS are available 
to investigate the mechanisms and regulation of 
blood coagulation and fibrinolysis with molecular 
biology, protein chemistry, enzyme kinetics, and 
fluorescence spectroscopy techniques. Interested 
individuals who are recent Ph.D. degree graduates 
in biochemistry, biophysics, chemistry, or biology 
should send a copy of their curriculum vitae and ar- 
range for two letters of recommendation to be sent 
to: Dr. Paul E. Bock, Vanderbilt University School 
of Medicine, Department of Pathology, C-3322 
MCN, 1161 21st Avenue S., Nashville, TN 37232- 
2561. E-mail: paul.bock@vanderbilt.edu. 

Vanderbilt University is an Equal Opportunity /Affirmative 
Action Employer. 


POSTDOCTORAL POSITION 
Harvard Medical School 


Postdoctoral positions are available to study the 
mechanisms of translational control in neurons, and 
the role of dendritic protein synthesis in synaptic 
plasticity, cognition and neuropsychiatric disease 
(Cell 116:467, 2004, Neuron 44:59, 2004). 

Candidates should be highly motivated and have 
expertise in molecular biology, biochemistry, or elec- 
trophysiology. Please send curriculum vitae and names 
of three references to: Dr. Ray Kelleher, Center for 
Human Genetic Research, Massachsetts General 
Hospital, 185 Cambridge Street, Boston, MA 
02114, e-mail: kelleher@helix.mgh.harvard.edu. 


POSTDOCTORAL POSITION 


A Postdoctoral position is available to study cell/ 
molecular and biology of complications of diabetes 
mellitus and kidney development. Potential candi- 
dates must have documented experience in this area 
of research and in cell and molecular biology tech- 
niques. Please send curriculum vitae with references 
to: Yashpal S. Kanwar, M.D., Ph.D., Northwestern 
University Medical School, 303 E. Chicago Avenue, 
Chicago, IL 60611, U.S.A. E-mail: y-kanwar@ 
northwestern.edu. 


POSITIONS OPEN 


CONSERVATION BIOLOGY FACULTY 
POSITIONS 
Fordham University 


The Department of Biological Sciences of Ford- 
ham University invites applicants for two separate 
tenure-track faculty positions in conservation biolo- 
gy at the ASSISTANT PROFESSOR level for fall 
2007. For the first position, we seek an ANIMAL 
ECOLOGIST interested in establishing research 
collaborations with the Wildlife Conservation Soci- 
ety. The second position will be filled by a PLANT 
CONSERVATION BIOLOGIST interested in es- 
tablishing research collaborations with the New York 
Botanical Garden. There are also research oppor- 
tunities at Fordham’s biological field station, the 
Louis Calder Center, and other scientific institutions 
in the region. We seek individuals who will establish 
a vigorous, extramurally funded research program. 
The successful candidates must have a Ph.D. and 
postdoctoral experience and are expected to teach 
at both the undergraduate and graduate levels. Ap- 
plicants should indicate which position they seek 
(Animal or Plant Conservation Ecologist) and sub- 
mit curriculum vitae, research statement, teaching 
philosophy, and the names and contact informa- 
tion of three references by November 1, 2006, to: 
Dr. Robert Ross, Chair, Department of Biolog- 
ical Sciences, Fordham University, 441 E. Ford- 
ham Road, Larkin Hall 160, Bronx, NY 10458. 
Fordham University is an independent, Catholic university in 
the Jesuit tradition that welcomes applications from men and 
women of all backgrounds. Fordham is an Equal Opportunity/ 
Affirmative Action Employer. 
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POSITIONS OPEN 


FACULTY POSITION 
Plant Metabolism /Biotechnology 
Washington State University, Pullman, Washington 


The School of Biological Sciences at Washington 
State University (WSU) in Pullman, Washington, 
invites applications for a full-time tenure-track 
position at the ASSISTANT /ASSOCIATE PRO- 
FESSOR level in plant metabolism /biotechnology 
(details at website: http: //www.sci.wsu.edu/sbs/ 
index.php3). Experience in applying rapidly devel- 
oping techniques (e.g. genomics, proteomics, and 
metabolomics) to the study of plant metabolism is 
desirable. Examples of areas of research include 
coordination of chloroplast, mitochondrial and nu- 
clear gene expression, primary metabolism (C, N, S, 
P), compartmentation and flux, and hormonal 
regulation. Potential applications of genetic modi- 
fication include analysis of gene function and plant 
performance (e.g. water use efficiency, nutritional 
quality, partitioning, growth dynamics, and senes- 
cence). The successful candidate will be expected to 
establish an internationally recognized, externally 
funded research program and teach undergraduate 
and graduate courses. Applicants must have a Ph.D., 
one year of postdoctoral experience, and evidence of 
success, or potential, in grantsmanship and teaching. 
Applicants should submit a letter of application, cur- 
riculum vitae, selected reprints, statements on re- 
search and teaching interests, and have three letters 
of reference sent to: Dr. Gerald Edwards, c/o 
Linda Larrabee, Plant Metabolism Search Com- 
mittee, School of Biological Sciences, Washing- 
ton State University, Pullman, WA, 99164-4236, 
or via e-mail: larrabee@wsu.edu. Review of appli- 
cations will begin on November 15, 2006. WSU is an 


Equal Opportunity Educator and Employer. Members of 


protected groups are encouraged to apply. 


RESEARCH ASSISTANT PROFESSOR 


This position is a full-time, nontenure-track posi- 
tion in the Department of Molecular and Cellular 
Biochemistry. The individual should hold a Ph.D. or 
equivalent degree in biochemistry or a related field 
and have at least three years of postdoctoral ex- 
perience with peer-reviewed publications in respect- 
able scientific journals. The successful candidate 
should have experience in conducting studies on 
the mammalian signal transduction pathways and the 
regulation of neural survival. He/she should be 
familiar with cell culture techniques, cell transfection 
techniques, and molecular biological techniques. 
The successful candidate will be expected to obtain 
extramural funding to support their salary and their 
research. 

Interested individual should send their curriculum 
vitae and three references to: 


Research Assistant Professor Search Committee 
Department of Molecular and Cellular 
Biochemistry 
278 Biomedical Biological Sciences 
Research Building 
741 South Limestone 
Lexington, KY 40536-0509 

If offered this position, you will be required to pass a pre- 
employment drug screen and national background check as 
required by University of Kentucky Human Resources. The 
University of Kentucky is an Equal Opportunity Employer and 
encourages applications from women and qualified minorities. 


TENURE-TRACK POSITION 
LaGrange College 


LaGrange College seeks a BIOCHEMIST for a 
tenure-track position. Research involving under- 
graduates and an interest in participating in inter- 
disciplinary teaching are extremely desirable. An 
earned Ph.D. is required for a tenure-track appoint- 
ment. Send letter, curriculum vitae, three letters of 
recommendation, statement of teaching philosophy, 
and transcripts to: Dr. Bill McCoy, Chair, Depart- 
ment of Chemistry and Physics, LaGrange Col- 
lege, 601 Broad Street, LaGrange, GA 30240 or 
to e-mail: wmccoy@lagrange.edu. Review of can- 
didates begins November 1, 2006, and will continue 
until the position is filled. For more information 
about the College and this position, please refer to 
our website: http://www. lagrange.edu. 


POSITIONS OPEN 
TENURE-TRACK ASSISTANT PROFESSOR 


The Department of Biological Sciences at Mount 
Holyoke College invites applicants for a tenure-track 
position in cell biology at the Assistant Professor 
level, beginning fall 2007. Applicants are expected 
to have a Ph.D., and postdoctoral experience is 
preferred. The college is well equipped with cell 
and molecular biology facilities, including a newly 
staffed interdepartmental Microscopy Center, hous- 
ing transmission electron microscope, scanning 
electron microscopy, atomic force microscopy, fluo- 
rescence and confocal microscopes with image 
processing software. The applicant should have a 
strong commitment to undergraduate teaching and 
research; a research program that can easily accom- 
modate and encourage undergraduates is crucial. 
The candidate will have the opportunity to teach cell 
biology at different levels of the curriculum, with par- 
ticipation in the Program in Biochemistry encouraged. 

Mount Holyoke is an undergraduate liberal arts 
college for women with 2,000 students and 200 
faculty. The college is located about 80 miles west of 
Boston in the Connecticut River Valley and is a 
member of the Five College Consortium consisting 
of Amherst, Hampshire, Mount Holyoke and Smith 
Colleges, and the University of Massachusetts. The 
campus has grown increasingly diverse over the past 
fifteen years; half of the faculty are women and one 
quarter are persons of color. Among our students, 
approximately 40 percent are students of color and 
17 percent are international. We in the Department 
of Biological Sciences appreciate the complexities of 
living and working in a diverse world and strive to 
find ways to redress inequities. We particularly en- 
courage people who share these commitments to 
submit their application. 

Applicants should submit their curriculum vitae, 
brief statements of teaching and research interests, a 
list of relevant course work and reprints of two 
publications. We ask that applicants incorporate 
relevant background experience or proposed strat- 
egies for mentoring a diverse student body into their 
materials. Applications and three letters of recom- 
mendation should be sent to: 


Cell Biology Search Committee 
Department of Biological Sciences 
Mount Holyoke College 
South Hadley, MA 01075 

Review of applications is expected to begin by 
October 16, 2006. For more information, go to 
website: http: //www.mtholyoke.edu /acad /biol/. 

Mount Holyoke is committed to fostering multicultural 
diversity and awareness in its faculty, staff, and student body 
and is an Affirmative Action, Equal Opportunity Employer. 
Women and persons of color are especially encouraged to apply. 


SCIENTIFIC PROGRAM DIRECTOR (SPD) 


JDRF, Juvenile Diabetes Research Foundation 
International, the world’s leading charitable funder 
of diabetes research, has a dynamic research oppor- 
tunity available at the Foundation’s New York City 
headquarters for a Scientific Program Director (SPD) 
with the Complications team. 

The SPD is responsible for JDORF’s Diabetic Com- 
plications Research Program portfolio. S/he will 
develop research strategy and project/program 
portfolio for the area and proactively manage the 
academic and industry-based projects/programs. 
The SPD also collaborates with staff to manage, 
facilitate, and integrate this research program. 

Requirements include: Ph.D. or M.D.; five to ten 
years of progressively responsible and related expe- 
rience and experience managing research portfolios, 
especially in industry/pharmaceuticals; minimum of 
three years in a supervisory capacity; and be a team 
player, with knowledge of diabetes desirable. 

Please send curriculum vitae with salary require- 
ments to e-mail: jobs@JDRF.org with /SPDC in 
the subject line (e-mail preferred) or to: S. Del Valle, 
Ref: SPDC, Juvenile Diabetes Research Founda- 
tion, 120 Wall Street, New York, NY 10005. 
Equal Opportunity Employer. 
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POSITIONS OPEN 


AQUATIC BIOLOGIST AND 
EXECUTIVE DIRECTOR 
Missouri River Institute 


The University of South Dakota invites applica- 
tions and nominations for Executive Director of the 
Missouri River Institute (MRI). The MRI is a devel- 
oping entity with a multifaceted mission, addressing 
ecological and water quality issues associated with 
large floodplain river systems. The MRI Director will 
develop a vision for the future of the Institute to 
foster its growth and development. The successful 
candidate will direct a research program, currently 
supported with external funds, with a focus on large 
floodplain river systems; and contribute to teaching 
and mentoring of graduate and undergraduate stu- 
dents within his or her area of expertise. Effort will 
be 50 percent in the MRI (administration and di- 
recting research) and 50 percent in the Department 
of Biology (to include teaching up to one course per 
year). Academic credentials qualifying for appoint- 
ment of Associate or Full Professor (tenure-track) 
are required, and administrative experience as Direc- 
tor or Chair is highly desired. Demonstrated expe- 
rience in obtaining and administering large research 
programs (including budgeting and assessment) is 
essential. The Director will display excellent inter- 
personal skills, proficiency with written and oral 
communications, and research productivity. 

The attractive startup package includes com- 
petitive salary and benefits and, contingent upon 
satisfactory performance, three years of administra- 
tive and research support and an MRI operating 
budget. After this period, the Director will be ex- 
pected to generate external funding for growth of 
the Institute, and have a self-sustaining research pro- 
gram. Research and administrative space will be pro- 
vided at both Ponca State Park and the Vermillion 
campus. 

Applications should include a cover letter specify- 
ing qualifications for the position, a statement of 
research interests, names and contact information for 
four professional references, and curriculum vitae. 
Applications must be submitted online at website: 
http://yourfuture.sdbor.edu. Questions should 
be directed to the Department of Biology (tele- 
phone: 605-677-5211) or Office of Research and 
Sponsored Programs (telephone: 605-677-5370). 
Information about the University of South Dakota 
can be found at website: http://www.usd.edu. 
The University of South Dakota is an Equal Opportunity/ 
Affirmative Action Employer committed to increasing the di- 
versity of its faculty, staff, and students. 


TENURE-TRACK FACULTY POSITION 
IN THE AREAS OF PAIN, STRESS, 
OR INFLAMMATION 


The Department of Biomedical Sciences at the 
University of Maryland, Baltimore, is seeking candi- 
dates for a tenure-track faculty appointment. We encour- 
age applications for positions at the ASSISTANT 
PROFESSOR level but will also consider applica- 
tions from more senior investigators. The applicant 
should have a Ph.D., postdoctoral experience, and 
an active research program. Preference will be given 
to a NEUROSCIENTIST interested in the molec- 
ular, genetic, cellular electrophysiological, and/or 
imaging approaches to studying the neurobiological 
response to somatic and visceral tissue injury. The 
individual filling this position will also be expected 
to participate in professional and graduate student 
educational programs. The successful applicant will 
have research space in a new state-of-the-art facility, 
to be occupied in October 2006. The University of 
Maryland has a world-renowned program in neuro- 
science, providing for interactions among the various 
basic and clinical neuroscience divisions, and linking 
neurosciences to other scientific disciplines within 
the University. We strongly encourage applications 
from qualified women and minority candidates. 
Send curriculum vitae, statement of career objec- 
tives, and the names of at least three references to: 
Dr. Joel Greenspan, Chair, Search Committee, 
Department of Biomedical Sciences, University of 
Maryland, Baltimore, 666 W. Baltimore Street, 
Baltimore, MD 21201. Website: http://bms. 
dental.umaryland.edu. 
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POSITIONS OPEN 


THE UNIVERSITY OF KANSAS 
Department of Chemistry 
Room 2010 Malott Hall, 1251 Wescoe Hall Drive 
Lawrence, Kansas 66045 


ASSISTANT PROFESSOR position in experi- 
mental physical chemistry. The Chemistry Depart- 
ment invites applications for a tenure-track Assistant 
Professor faculty position beginning August 16, 
2007. A Ph.D. in physical chemistry or related field 
and evidence of potential to build a vigorous re- 
search program in experimental physical chemistry 
or closely related field are required. Postdoctoral 
experience and multidisciplinary research plans are 
desirable. Duties include teaching at the under- 
graduate and graduate levels and development and 
direction of a vigorous research program in experi- 
mental physical chemistry. Salary will be commensu- 
rate with qualifications and experience. Applicants 
should submit a letter of interest, curriculum vitae, 
research plan, and description of teaching interests. 
In addition, applicants should arrange for the sub- 
mission of at least three letters of recommendation 
to: Professor Carey Johnson, Physical Search Com- 
mittee Chair, e-mail: ckjohnson@ku.edu, tele- 
phone: 785-864-4219. Initial review of applications 
will begin November 1, 2006, and will continue un- 
til the position is filled. 

Equal Opportunity/Affirmative Action Employer. 


ASSISTANT PROFESSOR 
The University of Chicago 
Department of Chemistry 


The Department of Chemistry of the University of 
Chicago invites applications from outstanding indi- 
viduals for the position of Assistant Professor of 
chemistry. This search is in the areas broadly defined 
as inorganic, organic, and physical chemistry. Appli- 
cants must mail hardcopies of curriculum vitae, a list 
of publications, and a succinct outline of their re- 
search plans, and arrange for three letters of recom- 
mendation to be sent by mail to: Michael D. 
Hopkins, Chairman, Department of Chemistry, 
The University of Chicago, 5735 S. Ellis Avenue, 
Chicago, IL 60637. Review of completed applica- 
tions will begin October 1, 2006; to ensure full 
consideration, all material should be submitted by 
that date. 

An Equal Opportunity/Affirmative Action Employer. 


FRED HUTCHINSON CANCER 
RESEARCH CENTER 


RESEARCH ASSOCIATE G-21074. Perform 
clinical laboratory research on graft versus host 
disease, steroid therapy resistance, and tolerance in 
patients after hematopoietic stem cell transplantation. 
Requires a Master’s degree in medical or biological 
science, or foreign degree equivalent; three yearrs of 
clinical laboratory research experience in hemato- 
poietic stem cell transplantation, including technical 
experience and proficiency in isolating, purifying, and 
maintaining specific lymphocyte subsets; performing 
flow cytometry and analyzing immunophenotype and 
cell death; performing in vitro functional assays to 
measure immune activation and effector functions; 
analyze and interpret precursor frequency assays; and 
prepare dendritic cell cultures. Full-time, Seattle, 
Washington. For more information send resumes to 
website: http://www.fherc.org. 


FACULTY POSITION: VERTEBRATE 
BIOLOGIST 


Spring Hill College, a Jesuit, Catholic College. 
ASSISTANT PROFESSOR (tenure track) for Au- 
gust 2007. Principles of biology, human anatomy 
and physiology, vertebrate zoology, upper division 
courses in area of specialty. Expertise in developmen- 
tal biology and/or neurobiology desirable. Ph.D. and 
documented teaching excellence required. Those 
interested in developing research program with 
undergraduates encouraged to apply. Send cover 
letter, curriculum vitae, statements on teaching/ 
research, unofficial academic transcripts, and three 
letters of reference to: Dr. David F. Dean, Chair, 
Spring Hill College, 4000 Dauphin Street, Mobile, 
AL 36608 (e-mail: ddean@shc.edu). See website: 
http://www.shc.edu/jobs. Equal Opportunity Employer. 


POSITIONS OPEN 
CONSERVATION BIOLOGY 


The Department of Biology at the College of 
William and Mary seeks applications for a tenure- 
track position at the ASSISTANT PROFESSOR 
level in conservation biology. The position is open to 
applicants conducting research in any field or scale of 
conservation biology that contributes to existing 
Departmental strengths in molecular and ecology/ 
evolutionary biology. The ideal candidate will have 
strong quantitative skills, a sustained research focus 
in conservation biology, and the ability to integrate 
approaches across diverse levels of biological organi- 
zation. The successful candidate is expected to 
maintain an externally funded research program 
involving both undergraduate and Master’s degree 
students. Teaching expectation is an upper-level 
conservation biology course with laboratory, and an 
introductory biology lecture course (genetics, orga- 
nisms, ecology, and evolution) to alternate with 
another course in the candidate’s area of expertise 
(one course per semester). Postdoctoral research ex- 
perience is required, and previous experience 
teaching undergraduate courses will be viewed 
favorably. Review begins October 12, 2006, and 
will continue until an appointment is made. Submit 
a letter of application, curriculum vitae, statements 
of research plans and teaching philosophy, a list of 
courses taken/taught relevant to conservation biol- 
ogy, and three letters of reference to: Conservation 
Biology Search Committee, Department of Biol- 
ogy, The College of William and Mary, P.O. Box 
8795, Williamsburg, VA 23187-8795. Informa- 
tion on the Biology Department and this position 
may be obtained at website: http:// www.wm.edu/ 
biology. The College is an Equal Employment Opportunity/ 
Affirmative Action Employer. 


FACULTY POSITION 
Applications are invited for a tenure-track position 


at the ASSISTANT or ASSOCIATE PROFES- 
SOR level in the Department of Physiology and 
Biophysics, University of Miami Miller School of 
Medicine. (In exceptional cases, an appointment at 
tenured FULL PROFESSOR will be considered). 
We seek outstanding candidates with demonstrated 
research interests in the neurosciences and/or phys- 
iology and biophysics that complement the existing 
research focuses in the Department (website: http:// 
chroma.med.miami.edu/physiol/faculty.htm). 
Candidates should have a Ph.D. and/or M.D. degree 
in a relevant field as well as postdoctoral training and 
publications in highly rated journals. The successful 
candidate will be expected to conduct an active, 
independent, funded research program, and to con- 
tribute teaching with excellence in medical and grad- 
uate courses in neuroscience and physiology. Send 
paper copies of: letter of application, curriculum vi- 
tae, statements of research and teaching interests, and 
copies of three publications to: Dr. Gerhard Dahl, 
Department of Physiology and Biophysics, R-430, 
University of Miami Miller School of Medicine, 
1600 N.W. 10th Avenue, Miami, FL 33136. 
Letters of recommendation from three references 
should be sent directly to the same address. Review of 
applications will commence when received and will 
continue until the position is filled. The University of 
Miami is an Equal Opportunity /Affirmative Action Employer. 


EVOLUTIONARY BIOLOGY 


The Department of Ecology and Evolutionary 
Biology at the University of Colorado seeks to fill 
two positions at the ASSISTANT PROFESSOR 
level in evolutionary biology. Individuals working in 
any area of the discipline are encouraged to apply and 
will be expected to pursue active research programs as 
well as to teach in their areas of expertise. Applicants 
should submit current curriculum vitae, statements of 
research and teaching interests, and the names and 
addresses of four references to: Evolutionary Biolo- 
gy Search Committee, 334 UCB, University of 
Colorado, Boulder CO 80309. Review of applica- 
tions will begin on October 13, 2006. The University of 
Colorado at Boulder is committed to diversity and equality in 
education and employment. 
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POSITIONS OPEN POSITIONS OPEN 


BIOLOGICAL CHEMISTRY FACULTY 
POSITION 
Wayne State University 


The Department of Chemistry at Wayne State Uni- 
versity seeks applications for a tenure-track position 
in the Division of Biological Chemistry. Preference 
will be given toward candidates at the ASSISTANT 
PROFESSOR level. Candidates must have a Ph.D. 
and the potential to develop a nationally recognized, 
externally funded research program of outstanding 
quality in any area of biological chemistry. The De- 
partment offers exciting opportunities for candidates 
with research interests complementing a large group 
of faculty working in the areas of DNA, RNA, and 
protein biochemistry, enzymology, carcinogenesis, 
biophysical, bioorganic, and bioinorganic chemistry, 
as well as molecular and cellular biology (see Depart- 
mental website: http://chem.wayne.edu for fur- 
ther information). 

The Department of Chemistry has a supportive 
academic environment and a strong graduate pro- 
gram. Excellent opportunities exist for collaborative 
research with individuals in the Department of Bi- 
ological Sciences, the basic science departments in 
the highly ranked School of Medicine, the College 
of Pharmacy and Health Sciences, as well as in the 
Center for Molecular Medicine and Genetics, the 
Institute for Environmental Health Sciences, and 
the Barbara Ann Karmanos Cancer Institute. The De- 
partment of Chemistry offers an excellent research 
environment that includes ample, newly renovated 
research laboratories and a fully staffed Central Instru- 
ment Facility that manages state-of the art equipment 
for: electrospray ionization, and MALDI-TOF mass 
spectrometry, circular dichroism, electron paramagnet- 
ic resonance, surface plasmon resonance, transmission 
electron microscopy, and nuclear magnetic resonance 
(NMR), including a 700 megahertz NMR with cryo- 
probe. The Wayne State faculty also have access to 
the resources of the Michigan Core Technology Al- 
liance (website: http://www.ctaalliance.org/), 
which includes facilities for bioinformatics, proteo- 
mics, genomics, animal models and structural biolo- 
gy, including 900 megahertz NMR and a dedicated 
synchrotron beamline for X-ray crystallography. 

Applicants should submit a complete resume and 
description of future research plans, as well as three 
letters of recommendation addressing both research 
and teaching potential. All materials should be sent 
to: Professor Charles H. Winter, Associate Chair, 
141 Chemistry, Wayne State University, 5101 
Cass Avenue, Detroit, MI 48202-3489. Review of 
applications will begin in October 2006. Women and 
minority candidates are encouraged to apply. Wayne State 
University is an Equal Opportunity and Affirmative Action 
Employer. 


ASSISTANT /ASSOCIATE PROFESSOR 
Anatomical Sciences /Neurobiology 
University of Louisville 


The Department of Anatomical Sciences and 
Neurobiology is seeking applications for two tenure- 
track positions at the rank of either Assistant or 
Associate Professor. The successful candidates must 
have a Ph.D. and/or M.D. degree, an outstanding 
publication record, and an externally funded research 
program in neurosciences. Current strengths in the 
Department include molecular and developmental 
neurobiology, neural plasticity, and sensory systems. 
There are excellent opportunities for collaboration. The 
successful candidates will be teaching in either the 
medical, dental, or graduate programs. Review of 
applications will begin immediately. Information 
about the Department can be found at website: 
http://www. louisville.edu/medschool/anatomy. 

Please send curriculum vitae, statement of research 
interests/plans, and names of three references to: 
Dr. Mengsheng Qiu, ASNB Faculty Search Com- 
mittee, Department of Anatomical Sciences and 
Neurobiology, University of Louisville School of 
Medicine, Health Sciences Center, Louisville, KY 
40292. 

The University of Louisville is an Affirmative Action/Equal 
Opportunity Employer. The University of Louisville encour- 
ages women and minorities to apply. 
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ASSISTANT/ASSOCIATE PROFESSOR 
Department of Biomedical Engineering 
The University of Michigan 


The Department of Biomedical Engineering at 
the University of Michigan College of Engineering is 
searching for new faculty positions in neural engi- 
neering, tissue engineering, biosolid mechanics, bio- 
computation, and biomedical optics. Applications in 
these areas are of particular interest but applications 
in all areas within biomedical engineering will be 
considered. Successful candidates will join a vibrant 
bioengineering community with strengths in bioma- 
terials, biosensors, tissue engineering, biofluid me- 
chanics, microfluidics, biomolecular engineering, 
biomolecular devices, bioprocess technology, bio- 
medical imaging and optics, neural engineering, bio- 
microelectromechanical systems, and micro/nano 
technology. Qualifications include an earned Ph.D. 
in engineering or a physical science-related discipline 
and demonstrated excellence in, and commitment 
to, teaching, research, and scholarship. Women and 
minority candidates are encouraged to apply. 

Applicants should send a letter of interest with 
curriculum vitae and a list of references to: 


Biomedical Engineering Search Committee 
Biomedical Engineering 
The University of Michigan 
1107 Carl A. Gerstacker Building 
2200 Bonisteel Boulevard 
Ann Arbor, MI 48109-2099 


An Equal Opportunity Affirmative Action Employer. 


STRUCTURE BIOLOGY AND BIOCHEMISTRY 
The University of South Carolina 


The Department of Chemistry and Biochemistry 
in the College of Arts and Sciences invites applica- 
tions for a tenure-track position in structural biology 
and biochemistry at the ASSISTANT PROFES- 
SOR level. The successful applicant will be expected 
to develop and maintain a productive, extramurally 
funded research program in the broad area of 
structural biology including X-ray and electron 
crystallography, electron microscopy (high resolu- 
tion transmission electron microscopy) and M.S. 
proteomics. New faculty would be expected to ac- 
tively interact with the established groups working in 
plant virology, nanobiotechnology, plant signal 
transduction, and protein/nucleic acid interactions 
at the University of South Carolina. The candidate 
is also expected to have a strong commitment to 
teaching at the undergraduate and graduate levels. 
Applicants should submit a letter of application, 
curriculum vitae, three letters of recommendation, 
and a description of research plans to: Structural 
Biology Faculty Search Committee, Department 
of Chemistry and Biochemistry, University of 
South Carolina, Columbia, SC 29208. The Com- 
mittee will begin reviewing applications Novem- 
ber 15, 2006. Homepage at website: http://www. 
chem.sc.edu/. The University of South Carolina is an 
Affirmative Action, Equal Opportunity Employer. Minorities 
and women are encouraged to apply. The University of South 
Carolina does not discriminate in educational or employment 


opportunities or decisions for qualified persons on the basis of 


race, color, religion, sex, national origin, age, disability, sexual 
orientation, or veteran status. 


CAREER OPPORTUNITY 


This unique program offers the candidate with an 
earned doctorate in the life sciences the opportunity 
to obtain the Doctor of Optometry (O.D.) degree in 
27 months (beginning in March of each year). 
Employment opportunities exist in research, edu- 
cation, industry, and private practice. Contact the 
Admissions Office, telephone: 800-824-5526 at 
The New England College of Optometry, 424 
Beacon Street, Boston, MA 02115. Additional in- 
formation at website: http://www.neco.edu, e-mail: 
admissions@neco.edu. 


POSITIONS OPEN 


TENURE-TRACK FACULTY POSITION 
in Molecular Microbiology 

The Division of Cell Biology and Biophysics, School 
of Biological Sciences, University of Missouri-Kansas 
City, invites applications for a full-time tenure-track 
faculty position at the ASSISTANT PROFESSOR 
or ASSOCIATE PROFESSOR level. Preference wil! 
be given to individuals with research and teaching 
expertise in molecular microbiology. The successfu 
candidate will be required to establish a strong re- 
search program compatible with one of the School’s 
focus areas of molecular cell biology or structura 
biology. We seek an outstanding scholar with demon- 
strable achievements in research, teaching experi- 
ence in an English-language institution, and exemplary 
communication and supervisory skills. Teaching wil 
be in at least two of the following subject areas: 
bacteriology, molecular biology, cell biology, virol- 
ogy, biochemistry. State-of-the-art core facilities are 
maintained by the School, and competitive salary, 
startup funds, and laboratory space will be provided. 
Review of applications will begin immediately and 
continue until the position is filled. Applications, in- 
cluding curriculum vitae, reprints of publications, sum- 
mary of present and future research plans and three 
letters of recommendation (to be solicited by the 
applicant), should be forwarded to: CBB Search Com- 
mittee, Division of Cell Biology and Biophysics - 
BSB 403, University of Missouri-Kansas City, 5100 
Rockhill Road, Kansas City, MO 64110-2499. 

Equal Opportunity /Affirmative Action Employer 


FACULTY POSITIONS IN 
MOLECULAR BIOLOGY 
The University of Texas Southwestern 
Medical Center 

The Department of Molecular Biology at the 
University of Texas Southwestern (UTSW) Medical 
Center invites applications for tenure-track faculty 
positions. We are interested primarily in applications 
for ASSISTANT PROFESSOR positions, but ap- 
plicants for other ranks will also be considered. We 
are seeking individuals with innovative research 
programs in the areas of cell signaling, development, 
and gene regulation. Successful applicants should be 
capable of establishing a vigorous independent re- 
search program and teaching in one of several active 
graduate programs. Attractive startup packages, state- 
of-the-art core facilities, and new laboratory space are 
available. 

Applicants should submit curriculum vitae con- 
taining a summary of past research accomplishments, 
a statement of future objectives, and names of three 
references to: 


Eric N. Olson 
Chairman 
Department of Molecular Biology 
University of Texas 
Southwestern Medical Center at Dallas 
5323 Harry Hines Boulevard 
Dallas, TX 75390-9148 


UTSW is an Equal Opportunity Employer. 


ASSISTANT PROFESSORSHIP IN 
CHEMISTRY 
Harvard University 
Department of Chemistry and Chemical Biology 


Applicants are invited to apply for tenure-track 
Assistant professorships in all fields of chemistry. 
Applicants should arrange to have three letters of rec- 
ommendation sent independently and should pro- 
vide curriculum vitae, a list of publications, and an 
outline of their future research plans. Applications 
and supporting materials should be sent to: Chair, 
c/o Ms. Carol Gonzaga, Department of Chemis- 
try and Chemical Biology, Harvard University, 
12 Oxford Street, Cambridge, MA 02138-2902. 
Reference position: JFCCB133B. The deadline date 
for receipt of applications and supporting materials 
is October 15, 2006. Harvard University is an Affirmative 
Action, Equal Opportunity Employer. Applications from and 
nominations of women and minority candidates are strongly 
encouraged. 
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POSITIONS OPEN 


PHYSICAL CHEMISTRY FACULTY POSITION 
University of California, Los Angeles (UCLA) 


The Department of Chemistry and Biochemistry 
of the University of California, Los Angeles (UCLA), 
intends to make a tenure-track faculty appointment 
in physical chemistry (either experimental or theo- 
retical). Candidates at all ranks will be considered. 
Candidates must give evidence of exceptional prom- 
ise (for a junior appointment) or great distinction 
(for a senior appointment) in research and teaching. 
Applications should include curriculum vitae, a state- 
ment of research accomplishments and description of 
proposed research (not exceeding four pages), reprints 
of representative publications, and a list of professional 
references. Junior faculty applicants should arrange 
to have three letters of recommendation sent at the 
time of application. To assure consideration, all appli- 
cation materials should be received by October 31, 
2006, and directed to: 


Chair 
Physical Chemistry Search Committee 
Department of Chemistry and Biochemistry 
University of California, Los Angeles 
P.O. Box 951569 
Los Angeles, CA 90095-1569 
Fax: 310-206-8010 


UCLA is an Equal Opportunity /Affirmative Action Em- 
ployer. Women and minorities are encouraged to apply. 


POSITION IN CHEMISTRY 


Full-time, tenure-track position in the Department 
of Physical Sciences, Eastern Connecticut State Uni- 
versity (ECSU). Ph.D. in biochemistry, bio-analytical 
chemistry, chemistry, or environmental chemistry re- 
quired. Postdoctoral experience preferred with strong 
evidence of quality teaching. Applicants with exper- 
tise in environmental or forensic chemistry are espe- 
cially encouraged to apply. Teaching expectations 
include advanced biochemistry and chemistry courses 
as well as introductory chemistry courses designed in 
support of the integrative liberal arts core curricu- 
lum. The successful candidate will support the De- 
partment’s growing Biochemistry Program through 
course development, program assessment, and in- 
volving undergraduates in research. Send curriculum 
vitae, transcript of all graduate work, a statement of 
teaching philosophy and research interests, documen- 
tation of teaching ability, and three current letters of 
recommendation to: Tim Swanson, Department of 
Physical Sciences, Goddard Hall, Eastern Con- 
necticut State University, Willimantic, CT 06226. 
Search will continue until position is filled. ECSU is an 
Affirmative Action/Equal Opportunity Employer. 


ASSISTANT PROFESSOR 
Biomolecular Chemistry 


University of Wisconsin, Madison 
School of Medicine and Public Health 


We invite applications for a tenure-track position, 
beginning fall 2007. We seek colleagues eager to es- 
tablish a vigorous biochemical or molecular biolog- 
ical research program of medical significance, and to 
teach at several levels. A doctorate and significant 
postdoctoral experience is required. Physician scien- 
tists addressing problems at the molecular level are 
encouraged to apply. The University of Wisconsin, 
Madison has a long storied tradition of research ex- 
cellence, and is located in the heart of one of the 
country’s most livable cities. 

Deadline to ensure consideration is October 16, 
2006. Send curriculum vitae, a two-page research 
plan, and three letters of reference to: Search Com- 
mittee, Biomolecular Chemistry, 587 MSC, Uni- 
veristy of Wisconsin School of Medicine and Public 
Health, 1300 University Avenue, Madison, WI 
53706-1532. E-mail: cayers@wisc.edu. Website: 
http://www.bmolchem.wisc.edu. Equal Opportunity/ 
Affirmative Action Employer. Minorities and women are en- 
couraged to apply. 
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TENURE-TRACK ASSISTANT/ ASSOCIATE 
PROFESSORS 


The Department of Pharmacology at Loyola Uni- 
versity Chicago, Stritch School of Medicine is re- 
cruiting tenure-track Assistant/Associate Professors 
to establish their own independent research as well as 
interact with existing faculty within the Department 
and the Cardiovascular, Neuroscience, and Oncology 
Institutes. Candidates whose research focuses on the 
dissection of fundamental mechanisms for clinical/ 
therapeutic applications are highly encouraged to 
apply. Generous startup funds and laboratory space 
are available. For more information about the De- 
partment visit website: http://www.luhs.org/ 
depts/pharmacology/index.html. Applicants 
should have a Ph.D. and/or M.D. degree, and be 
committed to excellence in research and teaching of 
pharmacology. Applications should include curricu- 
lum vitae and a research interest statement. Three 
letters of reference to support the candidacy should 
be sent separately. Address all correspondence to: 
Dr. Tarun B. Patel, Chair, Department of Phar- 
macology, Loyola University Chicago, Stritch 
School of Medicine, 2160 S. First Avenue, May- 
wood, IL 60153. (No electronic applications 
accepted.) Equal Employment Opportunity /Affirmative 
Action Employer. 


UNIVERSITY OF VIRGINIA 
Department of Chemistry 


We invite applications for a tenure-track faculty 
position at the ASSISTANT or ASSOCIATE 
PROFESSOR level in spectroscopy. Selection crite- 
ria will include a Ph.D. in a related field, a strong 
record of innovative research, the potential for es- 
tablishing an active and highly visible research 
program, and an interest and commitment to 
teaching excellence. This faculty search especially 
encourages research proposals exploring emerging 
spectroscopic opportunities and applications in bio- 
logical, materials, physical, or interdisciplinary chem- 
istry. Search Committee review of applications will 
begin October 31, 2006, but applications will con- 
tinue to be accepted for consideration until the 
position is filled. Applicants should send curriculum 
vitae, a brief description of future research plans, and 
arrange for three letters of recommendation to be 
sent to: Chair, Faculty Search Committee, De- 
partment of Chemistry, University of Virginia, 
P.O. Box 400319, Charlottesville, VA 22904- 
4319. The University of Virginia is an Equal Opportunity / 
Affirmative Action Employer and is strongly committed to 
building diversity within its community. 


ASSISTANT PROFESSOR 
Genomics: Quantitative, Population, 
or Comparative 


The Biology Department at University of Ken- 
tucky seeks a tenure-track Assistant Professor with 
expertise in genomics. Candidates that integrate 
experimental and computational approaches to study 
populations, complex traits, or genomes are espe- 
cially encouraged to apply. The Department will 
consider applications from a wide range of special- 
izations, including but not limited to bioinformatics, 
development, neurobiology, evolution, genetics, and 
ecology. Applicants must provide evidence that they 
will develop an active, independently funded research 
program. A commitment to teaching and student 
training is expected. Applicants should submit curric- 
ulum vitae and a statement detailing their current and 
future research plans, and arrange for submission of 
three letters of recommendation. Please address appli- 
cations to: Randal Voss, Chair, Genomics Search 
Committee, Department of Biology, University 
of Kentucky, 101 TH Morgan Building, Lex- 
ington, KY 40506. Applications must be received by 
November 1, 2006, to ensure full consideration. 


POSITIONS OPEN 


FACULTY POSITION 
Department of Chemical Engineering 
Columbia University 


The Department of Chemical Engineering an- 
nounces a faculty position to be filled at the rank of 
ASSISTANT PROFESSOR, ASSOCIATE PRO- 
FESSOR, or PROFESSOR. The Department seeks 
outstanding individuals with the motivation to excel 
in research, teaching, and service. Candidates at the 
Associate or Full Professor level should have a record 
of continued strong leadership in research. A doc- 
torate in chemical engineering or a related field is 
required. Columbia University offers an attractive, 
highly intellectual, and collaborative environment, 
and the Chemical Engineering Department leads an 
NIH Center of Excellence in Genomic Sciences and 
a NSF Integrative Graduate Education and Research 
Traineeship program on soft materials. Assistance 
with faculty housing is available. Starting date: Sep- 
tember 2007. Candidates should submit a brief re- 
search plan, statement of teaching objectives that 
demonstrates a commitment to chemical engineer- 
ing education, the names and contact information of 
three references, curriculum vitae, and reprints of 
recent key research publications. E-mail submission 
is preferred. Reply by November 30, 2006, to: 


Search Committee 
Department of Chemical Engineering 
Columbia University 
500 West 120th Street, Room 801, MC 4721 
New York, NY 10027 
E-mail: facultyposition@cheme.columbia.edu 


Columbia University is an Equal Opportunity /Affirmative 
Action Employer. We encourage women and minorities to 


apply. 


FACULTY POSITION in PHARMACOLOGY 
University of South Carolina 
School of Medicine 


The Department of Pharmacology, Physiology and 
Neuroscience at the University of South Carolina 
(USC) School of Medicine invites applications for a 
faculty position, rank open. A major responsibility of 
this position will be teaching medical and graduate 
pharmacology. Applicants must have a doctoral deg- 
ree and teaching experience in pharmacology. Labo- 
ratory space and startup funds will be made available 
for individuals with funded research programs; 
opportunities for collaborative research with current 
Departmental faculty members are also available. 

Applicants should submit a single Adobe Acrobat 
or Microsoft Word file that includes a cover letter 
summarizing qualifications, curriculum vitae and 
publication list, a statement of professional goals, 
summary of teaching evaluations, and contact infor- 
mation for four references. The file should be 
attached to an e-mail message sent to e-mail: ppn. 
search@med.sc.edu and containing Pharmacology 
Search as the subject. For more information about 
the Department please visit our website: http:// 
ppn.med.sc.edu/. 

USC is an Affirmative Action /Equal Opportunity Employer. 


Florida Institute of Technology (website: http:// 
www.fit.edu), a premier, independent, technologi- 
cal university located on Florida’s East Coast, invites 
applications for HEAD of the Department of Bio- 
logical Sciences. The University seeks an outstanding 
individual with skills and resources to advance one of 
the most productive and well-funded departments 
on campus. The new Head must be poised to ad- 
vance the Department’s academic reputation and 
expand the M.S. and Ph.D. programs. Successful 
applicants must have a doctorate, an international 
reputation in research with a distinguished publica- 
tion record, an active research program, and out- 
standing leadership qualities. Interested candidates 
are invited to submit detailed curriculum vitae, a 
letter of application, and contact information for five 
references. Applications will be treated confidentially 
and should be submitted electronically to e-mail: 
bioheadsearch@fit.edu. Review of applications will 
begin October 15, 2006. Florida Institute of Technology 
is an Equal Opportunity/Affirmative Action Employer. 
Women and minorities are encouraged to apply. 
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POSITIONS OPEN 


UNIVERSITY OF KANSAS 
Department of Chemistry 
2010 Malott Hall 
1251 Wescoe Hall Drive 
Lawrence, KS 66045 


FACULTY POSITION in inorganic chemistry. 
The Chemistry Department invites applications for a 
tenure-track faculty position in inorganic chemistry 
at any rank (ASSISTANT, ASSOCIATE, or 
FULL PROFESSOR) consistent with the candi- 
date’s experience and qualifications, beginning Au- 
gust 18, 2007, or thereafter, contingent upon final 
budgetary approval. A Ph. D. in inorganic chemistry 
or closely related field is required. For candidates at 
the Assistant Professor level, postdoctoral experience 
is desirable. Duties include teaching at the under- 
graduate and graduate levels and the direction of a 
vigorous research program in inorganic chemistry. 
Candidates at the junior level must show evidence of 
well-defined research plans, and candidates at the 
senior levels must show evidence of an internation- 
ally recognized and well-funded research program. 
Applicants in all areas of inorganic chemistry are en- 
couraged to apply, but we are especially interested in 
applications in inorganic mechanisms, catalysis, bio- 
inorganic, and materials chemistry fields. All appli- 
cants should submit a letter of interest, resume, and 
a statement of teaching interests. Junior applicants 
should submit a brief summary of two to three re- 
search proposals and arrange for at least three letters 
of recommendation to be sent. Senior candidates 
should submit a brief description of research goals 
over the next five years, a listing of current funding, 
and the names of at least three references. Applica- 
tions should be sent to: Inorganic Search Com- 
mittee, c/o Department of Chemistry, Room 
2010 Malott Hall, 1251 Wescoe Hall Drive, Uni- 
versity of Kansas, Lawrence, KS 66045. Initial 
review of applications will begin October 20, 2006, 
and will continue until the position is filled. 

Equal Opportunity /Affirmative Action Employer. 


ASSISTANT PROFESSOR 


The Department of Biology at Denison University 
invites applications for a tenure-track position with 
emphasis in physiology to begin August 2007. Re- 
search system and specialization within physiology 
are open. A strong potential for excellence in teach- 
ing and a productive research program involving un- 
dergraduates as evidenced by recent peer-reviewed 
publications and meeting presentations are essential. 
A Ph.D. and demonstrated teaching experience are 
required; postdoctoral experience is an asset. Teach- 
ing responsibilities include junior/senior level courses 
in animal physiology and human physiology (taught 
in alternate years), majors introductory courses (Bi- 
ology 201 and 150), as well as occasional nonmajors 
offerings. 

Denison offers competitive startup funds, summer 
support for student and faculty research, and the 
new Talbot Hall of Biological Science. See our 
website: http://www.denison.edu/biology for 
more detailed descriptions of the evaluation criteria 
for the Biology Program, and the position. Please 
note that Talbot Hall does not provide facilities for 
the housing of mammals or birds. Candidates should 
send a cover letter addressing their interest in liberal 
arts education; curriculum vitae; separate statements 
of teaching philosophy and experience, a statement 
of research interests and future plans within the con- 


text of a small liberal arts college; a statement of 


their ability to contribute to the mentoring of an 
increasingly diverse student body; copies of tran- 
scripts (graduate and undergraduate); and the names, 
e-mail addresses, and telephone numbers of three 
references to: Chair, Physiologist Search Commit- 
tee, Biology Department, Denison University, 
Granville, OH 43023. We are especially interested 
in hiring a candidate who will help our University 
adapt to the increasing diversity of the American 
population. Review of applications will begin Octo- 
ber 6, 2006. Denison is an Affirmative Action/Equal Op- 
portunity Employer. 
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POSITIONS OPEN 


The Department of Biology at Colgate University 
seeks a tenure-track ASSISTANT PROFESSOR to 
start August 2007. Ph.D. or expectation of comple- 
tion this academic year required; teaching and 
postdoctoral research experience desirable. The 
successful candidate will contribute to a foundation 
course called Molecules, Cells, and Genes, teach 
elective courses including behavioral genetics, and 
participate in University-wide programs. The ap- 
pointee will join a biology faculty deeply committed 
to a strong, research-oriented program involving un- 
dergraduate students and will add to this effort by 
offering a research tutorial in their area of interest; 
opportunities also exist to lead a semester-long pro- 
gram at the NIH. Applications are especially encour- 
aged from candidates whose research is focused in 
the area of behavioral genetics of model organisms. 
Please forward a letter of application with curriculum 
vitae, transcripts, and separate statements of teaching 
philosophy and research interests to: Dr. Ken 
Belanger, Department of Biology, Colgate Uni- 
versity, Hamilton, NY 13346-1398 and also 
arrange to have three letters of recommendation sent 
to this address. Review of applications will begin 
October 16, 2006, and continue until the position is 
filled. We intend to begin interviewing candidates by 
the beginning of November 2006. Colgate University is 
an Equal Opportunity/Affirmative Action Employer. Devel- 
oping and maintaining a diverse faculty and staff further the 
University’s academic mission. Women and minorities are 
especially encouraged to apply. 


The Department of Biology at Colgate University 
seeks a tenure-track ASSISTANT PROFESSOR to 
start August 2007. Ph.D. or expectation of com- 
pletion this academic year required; teaching and 
postdoctoral research experience desirable. The suc- 
cessful candidate will: contribute to a foundation 
course in evolution, ecology, and diversity; teach 
elective courses in botany/phycology and in their 
area of specialty; and contribute to interdisciplinary 
and University-wide programs (including environ- 
mental studies). The appointee will join a biology 
faculty deeply committed to a strong, research- 
oriented program involving undergraduate students 
and will add to this effort by offering a research 
tutorial in their area of interest. Please forward a let- 
ter of application with curriculum vitae, transcripts, 
and separate statements of teaching philosophy and 
research interests to: Dr. Timothy McCay, Depart- 
ment of Biology, Colgate University, Hamilton, 
NY 13346-1398 and also arrange to have three 
letters of recommendation sent to this address. Re- 
view of applications will begin October 16, 2006, 
and continue until the position is filled. We intend 
to begin interviewing candidates by the beginning of 
November 2006. Colgate University is an Equal Oppor- 
tunity/Affirmative Action Employer. Developing and main- 
taining a diverse faculty and staff further the University’s 
academic mission. Women and minorities are especially en- 
couraged to apply. 


THE ENDOWMENT FOR SCHOLARS 
in Biomedical Research at 
The University of Texas Southwestern 
Medical Center 


University of Texas (UT), Southwestern, is pleased 
to announce the continuation of the Endowed Pro- 
gram for Scholars in Biomedical Research. The Pro- 
gram, which is fully funded from private endowment, 
will provide $1,000,000 over four years to support 
the research activities of each new ASSISTANT PRO- 
FESSOR (tenure track) appointed to the Program; 
five will be appointed annually. Academic appoint- 
ments and research space will be provided by individ- 
ual medical school departments or research centers. 
Positions in both basic science and clinical depart- 
ments are available. The goal of the program is to 
assure a successful beginning of the research careers 
of an ever-growing cadre of outstanding young in- 
vestigators at UT Southwestern. 

For detailed information about currently available 
faculty positions, please access our webpage website: 
http://www8.utsouthwestern.edu/utsw/home/ 
scholars /index. html. 

UT Southwestern is an Equal Opportunity Institution. 


POSITIONS OPEN 


TENURE-TRACK FACULTY POSITIONS 
Biochemistry / All Ranks 
Indiana University, Bloomington, Indiana 


The Department of Chemistry at Indiana Univer- 
sity has a distinguished record of scientific achieve- 
ment and is in the midst of significant additions to 
its faculty. Several new initiatives are underway in 
Bloomington, Indiana, including the construction of 
a new center for interdisciplinary research. We invite 
applications for tenure-track faculty in biochemistry 
beginning August 2007. Successful candidates will 
possess outstanding credentials and be expected to 
develop a vigorous, independent research program. 
All faculty members contribute to teaching and 
curricular development. Candidates with interests 
in all aspects of biochemistry but especially areas 
such as chemical biology, structural biology, and 
proteomics will be considered in a new human 
biology program. Individuals of advanced stature 
with proven performance in research and teaching 
are encouraged to apply and will be considered at 
the ASSOCIATE or FULL PROFESSOR level. 

Applicants must specify the area or areas in which 
they have special competence and include curricu- 
lum vitae. Assistant Professor candidates should 
include a summary of future research plans and 
arrange to have four letters of recommendation 
forwarded to the Department. Review of applica- 
tions will begin upon receipt and will continue 
until the positions are filled. Send applications to: 
Professor Richard D. DiMarchi, Chairman, 
Biochemistry Search Committee, Department 
of Chemistry, 800 E. Kirkwood Avenue, Indi- 
ana University, Bloomington, IN 47405. Fax: 
812-856-5050, e-mail: chemchair@indiana.edu. 
Indiana University is an Affirmative Action/Equal Oppor- 
tunity Employer and especially encourages applications from 
women and members of minority groups. 


Texas Christian University (TCU) invites nomina- 
tions/applications for its prestigious ROBERT A. 
WELCH CHAIR IN CHEMISTRY. While the 
area of research is open, we seek a scholar with an in- 
ternationally recognized research program that will 
complement existing faculty strengths. Previous Welch 
Chairs at TCU include Paul D. Bartlett and C. David 
Gutsche. 

Located in the Fort Worth/ Dallas area, TCU is an 
independent, coeducational institution of approx- 
imately 7,200 undergraduate students and 1,500 grad- 
uate students, offering 98 undergraduate majors and 
20 graduate degrees in 59 areas, including six doc- 
toral fields of study, with a commitment to both 
teaching and research. The Chemistry Department 
offers the Ph.D., M.S., and B.S. degrees and is well 
equipped, particularly with excellent X-ray diffrac- 
tion, mass spectroscopy, and nuclear magnetic reso- 
nance facilities. Please send curriculum vitae, detailed 
research plans, and a list of references to: Professor 
Jeffery L. Coffer, Department of Chemistry, P.O. 
Box 298860, Texas Christian University, Fort 
Worth, TX 76129. E-mail inquiries may be sent to 
e-mail: j. coffer@tcu.edu. The search is ongoing 
until the position is filled. TCU is an Equal Employment 
Opportunity /Affirmative Action Employer. 


BIOLOGY ASSISTANT PROFESSOR. Ham- 
line University invites applications for a tenure-track 
position to begin September 2007. We seek candi- 
dates with research interests in developmental biology 
or neurobiology. Applicants must be committed to 
teaching and developing an active undergraduate 
research program. Postdoctoral experience and ability 
to contribute to a scientific computing emphasis in 
the Science Division desired. Ph.D. required. For 
complete information see website: http://science. 
hamline.edu. Send cover letter, curriculum vitae, 
teaching philosophy, research plans, and three refer- 
ence letters to: Bonnie Ploger, Biology Depart- 
ment, Hamline University, 1536 Hewitt Avenue, 
St. Paul, MN 55104, or e-mail: bploger@hamline. 
edu. Application review begins October 9, 2006. 
Members of underrepresented groups are strongly encouraged 
to apply. Hamline University is an Equal Educational/Em- 
ployment Institution. 


15 SEPTEMBER 2006 VOL 313 SCIENCE www.sciencecareers.org 


ee 
g 
S 
o 
toy 
os 
e) 
g 
= 
a) 
om 
3) 
Dn 


POSITIONS OPEN 


FACULTY POSITION 
Department of Chemistry 
Georgia State University 


The Department of Chemistry at Georgia State 
University anticipates a faculty position opening at 
the ASSISTANT PROFESSOR level. The Depart- 
ment seeks outstanding candidates capable of 
achieving excellence in research and teaching. Appli- 
cants must have a Ph.D. or equivalent degree with 
postdoctoral training. Although outstanding scien- 
tists in all areas of chemistry are encouraged to apply, 
preference will be given to those candidates with a 
research focus in biochemistry, biological, bioana- 
lytical, or biophysical chemistry. There is an option 
for a joint appointment in the Biology Department. 
Georgia State University offers an attractive, highly 
intellectual, collaborative, and continually growing 
environment, with 20 full-time, tenured or tenure- 
track faculty and more than 60 Ph.D. and 30 MS. 
students. Candidates should submit a research plan, 
a statement of teaching objectives that demonstrates 
a commitment to education, curriculum vitae, re- 
prints of at most three recent research publications, a 
two-page summary of research accomplishments, 
and arrange to have three letters of recommendation 
sent to: Professor D. W. Dixon, Faculty Search 
Committee Chair, Department of Chemistry, 
Georgia State University, P.O. Box 4098, Atlan- 
ta, GA 30302-4098. Reviewing of applications will 
start on October 16, 2006, and will be open until 
the position is filled, for an employment start date of 
summer 2007. 

Georgia State University is an Equal Opportunity/Affir- 
mative Action Employer. Applications from women and ethnic 
minorities are strongly encouraged. 


FACULTY POSITIONS (TWO) IN BIOLOGY 


York College of the City University of New York 
invites applications for two tenure-track positions at 
the ASSISTANT PROFESSOR level in genetics/ 
bioinformatics and in plant physiology/evolution to 
begin September 1, 2007. Qualifications include a 
Ph.D. with postdoctoral experience and evidence of 
excellence in teaching. Instructional responsibilities 
include lecture and laboratory courses in area of ex- 
pertise as well as other major or nonmajor courses as 
needed. Candidates must demonstrate a strong in- 
terest and commitment to undergraduate teaching 
and the capability of developing and maintaining an 
active research program supported by external fund- 
ing. The academic program and instructional and 
research equipment available at York College can be 
found at website: http://natsci.york.cuny.edu. 
Applicants should submit a cover letter, curriculum 
vitae, statements of research and teaching experi- 
ence, and the name and contact information of three 
professional references to: Dr. Margaret MacNeil, 
Biology, York College/CUNY, 94-20 Guy R. 
Brewer Boulevard, Jamaica, NY 11451. The ap- 
plication deadline is October 23, 2006. Equal Employ- 
ment Opportunity/Affirmative Action/ADA/IRCA. 


ASSISTANT PROFESSORS, ORGANIC AND 
BIOLOGICAL CHEMISTRY 
Boston University 


The Department of Chemistry invites applications 
for two tenure-track positions at the rank of As- 
sistant Professor, representing the areas of organic 
chemistry and biological chemistry. The successful 
candidates will be expected to establish recognized, 
innovative research programs having to do with 
compelling topics that tend to crosscut among sub- 
disciplines and complement the activities of current 
faculty. Candidates should submit curriculum vitae, 
along with research proposals, and arrange for three 
letters of recommendation to be sent to: Dr. Guilford 
Jones, Chair, Department of Chemistry, Boston 
University, 590 Commonwealth Avenue, Boston, 
MA 02215. The deadline for receipt of applications 
is October 31, 2006. Boston University is an Affirmative 
Action/Equal Opportunity Employer. 
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NEUROSCIENTIST 
University of Wyoming 

The Department of Zoology and Physiology in 
conjunction with the Graduate Neuroscience Pro- 
gram at the University of Wyoming invites appli- 
cations for a full-time, nine-month, tenure-track 
faculty position at the rank of ASSISTANT PRO- 
FESSOR, starting August 2007. We are seeking an 
individual who has a strong background in neuro- 
science with an emphasis in neural plasticity. The 
successful candidate must have a Ph.D. or equiva- 
lent, evidence of research productivity, and teaching 
ability; a minimum of two years of postdoctoral ex- 
perience is preferred. Teaching responsibilities will 
include a graduate level functional neuroanatomy 
course. S/he will be expected to have or to develop 
an externally funded research program and to par- 
ticipate in the University’s Graduate Neuroscience 
program and the NIH-funded Neuroscience Center 
of Biomedical Research Excellence. The Department 
has access to outstanding microcopy and macro- 
molecular facilities. A competitive startup package is 
available. Additional Departmental research strengths 
include animal and cell physiology, ecology, and 
wildlife biology. 

Interested applicants should send curriculum 
vitae, a statement of research and teaching experi- 
ence, three publications that represent their best 
work, and three letters of recommendation to: 
Neuroscience Search Committee, Department of 
Zoology and Physiology, Department 3166, 1000 
E. University Avenue, Laramie, WY 82071. Fax: 
307-766-5625. Website: http://uwadmnweb. 
uwyo.edu/Zoology. Review of applications will 
begin in December 2006. The University is a Carnegie 
Foundation Research/Doctoral Extensive Institution, and is an 
Affirmative Action/Equal Employment Opportunity Employer. 


FACULTY POSITION 
Department of Applied Science 
College of William and Mary 


The Department of Applied Science at the 
College of William and Mary, an interdisciplinary 
Ph.D.-focused Department established in 1995, in- 
vites applications for a tenure-track position at the 
ASSISTANT PROFESSOR level in biophysics, 
neurophysiology, biomedical engineering, biomate- 
rials, or a related field, emphasizing either computa- 
tional or experimental approaches. The new faculty 
member will be expected to establish a vigorous, in- 
dependent, and well-funded graduate research pro- 
gram at the interface of the physical, mathematical, 
and biological sciences. Excellence and high com- 
mitment to the teaching of graduate and under- 
graduate students is expected of all faculty at the 
College. Located two hours south of Washington, 
D.C. in Williamsburg, Virginia, the College of 
William and Mary is the second oldest university in 
the United States and was recently named by the 
editors of Newsweek as the “hottest small state 
school” in the nation. Candidates should submit 
complete curriculum vitae, research statement, and 
copies of no more than five refereed publications to: 
Faculty Search Committee, Department of Ap- 
plied Science, The College of William and Mary, 
P.O. Box 8795, Williamsburg, VA 23187-8795, 
and arrange to have three letters of recommendation 
mailed to the same address. Review of materials is 
expected to begin January 1, 2007, and continue until 
the position is filled. The College is an Equal Em- 
ployment Opportunity/Affirmative Employer. For 
more information see website: http://as.wm.edu. 


The Department of Biological Sciences at Salisbury 
University (SU) is accepting applications for a tenure- 
track position in physiology/pathophysiology at the 
rank of ASSISTANT PROFESSOR, starting fall 
2007. A Ph.D. and evidence of the potential for ex- 
cellence in teaching and research will be required. 
For further information please see the SU website: 
http://www.salisbury.edu/hr/Jobs/default. 
asp?asearch=faculty. 


POSITIONS OPEN 


RESEARCH ASSISTANT IIT 
University of Iowa 
Department of Neurosurgery 


The Department of Neurosurgery is recruiting a 
Research Assistant II to join the Human Brain Re- 
search Laboratory (HBRL) to support and partici- 
pate in its ongoing research on the basic mechanisms 
in the human brain that underlie hearing, speech, 
language, and emotion. He/she will provide tech- 
nical support for all phases of the research, and will 
function as a technical expert and have overall re- 
sponsibility for the development, management, and 
maintenance of laboratory instrumentation, includ- 
ing computer hardware and software. The successful 
candidate will have a Master’s degree and academic 
knowledge in the fields of electrical and/or com- 
puter engineering or an equivalent combination of 
education and experience. A strong background in 
computer programming (especially MatLab), data- 
base management, and networking is essential. Ex- 
perience in the use of modern electrophysiological 
instrumentation, including the latest Tucker Davis 
Technology data acquisition and stimulus genera- 
tion systems and Hewlett Packard VX-1 data acqui- 
sition system is desirable. 

Interested candidates should apply for this posi- 
tion by visiting our website: http://jobs.uiowa. 
edu and refer to requisition 53125. The University is 
an Affirmative Action/Equal Opportunity Employer. Women 
and minorities are strongly encouraged to apply. 


MICROBIOLOGIST 


St. Ambrose University seeks a tenure-track, AS- 
SISTANT PROFESSOR; beginning August 2007. 
Primary teaching responsibilities include micro- 
biology and nonmajors’ undergraduate courses in 
biology. We particularly welcome candidates who are 
dedicated to teaching excellence and interested in 
pursuing research with undergraduates. Ph.D. is 
required. St. Ambrose University is a private, liberal 
arts Catholic institution of 3,600 undergraduate and 
graduate students, and is located in the Quad Cities 
of Iowa and Illinois. Review of applications will 
begin on October 20, 2006, and continue until the 
position is filled. Please send curriculum vitae, a 
statement of teaching philosophy, and three letters 
of reference to: Director of Human Resources, 
Street Ambrose University, 518 W. Locust Street, 
Davenport, IA 52803. Affirmative Action/Equal Op- 
portunity Employer. 
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Great Prices 


Get the Details 
www.oligos.com 


The Midland Certified Reagent Co, Inc. 
3112-A West Cuthbert Avenue 
Midland, Texas 79701 
800-247-8766 


a CSI Systems and Solutions 


We offer intellectual property and search solutions for chemical, 
pharmaceutical and semiconductor companies including: 

Full text searching 

Patent analytics 

Freedom to operate and patent infringement searching 

Full text information 
512-779-3120 


www.csisscorp.com 
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